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S11 The modulus of the amplitude impulse response through an optical 3
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2 1 The diffraction geometry used in the derivation of the beam 10
propagation formulae.
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2.5 The solid line is a plot of the square root of the irradiance distribution 26
of the image of a slit through a circularly symmetric, unaberrated,
unapodised coherent optical system. The dasned line is the geometrical
image of that same edge.

2 6 A comparison8 2 of apodisation functions suggested for coherent optical 39
imaging systems. All functions were truncateoi at a radius of a. Also

shown ;s the Lukosz limit, a theoretical upper limit on apodisation functions.

3 1 The diffraction geometry used in calculating the amplitude impulse response. 41
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3.2 The amplitude transmittance of the Gaussian filter used in this study 44
(solid line) is shown relative to the unapodised amplitude transmittance
of the exit pupil (dashed line).

3.3 The impulse response of an unaberrated, unapodised, circularly 46
symmetric optical system in terms of (a) modulus. (b) phase, and
(c) irradiance. The unlabeled axes are canonical distance coordinates.
All plots have the same distance scales.

3.4 The irradiance impulse response through a coherent, unapodised, 48
circularly symmetric optical system having (a) 0.48 waves of coma,
and (b) 0.16 waves of astigmatism. The unlabeled axes are canonical
distance coordinates. Both plots have the same distance scales.

3.5 Irradiance contours in the images of point sources through an optical 49
system having (a) 0.48 waves of coma and (b) 0.16 waves of astigmatism.
These plots are from Nijboer 75 ,76.

3.6 The amplitude impulse response (modulus and phase) in the presence 51
of 0.5X defocus and for the case of an unapodised and Gaussian apodised
aperture.The top two plots are for the unapodised case while the bottom
two are for the case of a Gaussian apodiser. The vertical scales for the
modulus plots (lefthand column) and the phase plots (right hand column)
are indicated by the top two plots. This scaling is used in Figs. 3.9, 3.12,
and 3.15.

3.7 The amplitude impulse response (modulus and phase) with varying 53
amounts of defocus for the case of an unapodised and Gaussian apodised
exit pupil. The amount of aberration for each column is indicated at the
bottom ' that column.

3.8 Central slices through the plots of modulus and phase in the presence 54
of varying amounts of defocus and for the unapodised as well as Gaussian
apodised cases( _ O.1X, O. O 1).0M.

3 9 The amplitude impulse response (modulus and phase) in the presence of S6
0 5.\ spherical aberration and for the case of an unapodised and Gaussian
apodised aperture. The top two plots are for the unapodised case while
the bottom two are for the case of a Gaussian apodiser.

3.10 The amplitude impulse response (modulus anc phase) with varying 57
amounts of spherical aberration for the case of an unapodised and
Gaussian apodised exit pupil. The amount of aberration for each
column is indicated at the bottom of that column

3 11 Central slices through the plots of modulus and phase in the presence 58
of varying amounts of spherical and for the unapodised as well as Gaussian
apodised cases ( 0. 1, 0.S 1 OX) : A
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r-1,12 The amplitude impulse response (modulus and phase) in the presence 60 ,,

of -0.SX y-axis coma and for the case of an unapodised and Gaussian
apodised aperture. The top two plots are for the unapodised case

while the bottom two are for the case of a Gaussian apodiser.

3.13 The amplitude impulse response (modulus and phase) with varying 61
amounts of y coma for the case of an unapodised and Gaussian

apodised exit pupil. The amount of aberration for each column is
indicated at the bottom of that column.

3.14 Central slices through the plots of modulus and phase in the presence 62
of varying amounts of y-axis coma and for the unapodised as well as Gaussian
apodised cases ( _ 0. IX,, 0.5A, 1.0A).

3 15 The amplitude impulse response (modulus and phase) in the presence 64
of 0.5X 00 astigmatism and for the case of an unapodised and Gaussian
apodised aperture. The top two plots are for the unapodised case while
the bottom two are for the case of a Gaussian apodiser.

3 16 The amplitude impulse response (modulus and phase) with varying 65
amounts of 00 astigmatism for the case of an unapodised and Gaussian
apodised exit pupil. The amount of aberration for each column is
indicated at the bottom of that column.

3.17 Central slices through the plots of modulus and phase in the presence 66
of varying amounts of 00 astigmatism and for the unapodised as well as
Gaussian apodised cases ( _ 0. IN, 0.5A,

1 .0A).

3 '8 The central value of the modulus as a function of the type and amount 68
of aberration for cases of unapodised and Gaussian apodised apertures.

3.19 The central value of the irradiance as a function of the type and amount 69
of aberration for cases of unapodised and Gaussian apodised apertures. L.

3.20 The central value of the phase as a function of the type and amount of 70
aberration for cases of unapodised and Gaussian apodised apertures.

4 1 The geometry of a centered optical system which gives rise to an aberrated 72
wavefront W. The aberration function 4, is in terms of the distance QQ*
between W and the reference sphere S

4 2 The coherent image of an edge through an optical system having 0.0, 0 5, 75
and ' 0 waves of defocus. -he toP piots are 'or an inapodised optical
system while the bottom plots are for a system having a Gaussian apodiser.
The ordinates of the two plots on the left are in terms of image irradiance (1)
while the ordinates for the others are in terms of the square root of image
irradiance ('v/ 1). Legend:

unaberrated, 0 5 waves, 1.0 wave.
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4.3 The coherent image of an edge through an optical system having 0.0. 76
0.5, and 1.0 waves of y-axis coma. The top plots are for an unapodised
optical system while the bottom plots are for a system having
a Gaussian apodiser.The ordinates of the two plots on the left are in terms
of image irradiance(I) while the ordinates for *he others are in terms of the
square root of image irradiance Legend:

unaberrated, -_ 0.5Swaves, 1.0 wave.
4.4 The coherent image of an edge through an optical system having 0.0, 0.5, 77

and 1.0 waves of spherical. The top plots are for an unapodised optical
system while the bottom plots are for a system having a Gaussian apodiser.
The ordinates of the two plots on the left are in terms of image irradiance (1)
while the ordinates for the others are in terms of the square root of imageI
irradiance (VI). Legend:

_ unaberrated, 0.5 waves, 1.0 wave

4.5 The amount of edge ringing is shown for variousyamounts of the 79
aberrations of (a) spherical, (b) y-axis coma, and (c) defocus. Edge ringing
is defined as the ratio of the peak closest to the edge to unity. The plots in
the left column are calculated from the edge image irradiance while the
others are from the square root of the edge image irradiance. The solid
curves are for the unapodised cases while the dashed curves are for the
apodised cases.

4.6 The amount of edge shift is shown for various amounts of the aberrations 81
of (a) spherical, (b) y-axis coma, and (c) defocus. The solid curves are for the
unapodised cases while the dashed curves are for the apodised cases. The
edge shift is defined as the distance of the half peak irradiance point from
the geometric edge. The plots in the left column are calculated from the
edge image irradiance while the others are from the square root of the
edge image irradiance.

4 7 The acutance of the edge is shown for various amounts of the aberrations 83
of (a) spherical, (b) y-axis coma, and (c) defocus. The solid curves are for the
unapodised cases while the dashed curves are for the apodised cases. The
plots in the left column are calcuiated from the edge image irradiance
while the others are from the square root of the edge image irradiance.

4.8 The coherent image of a slit through an optical system having 0.0, 0.5. 85
and 1.0 waves of defocus. The top plot is for an unapodised optical system
while the bottom plot is for a system having a Gaussian apodiser. Legend:

unaberrated,_ 0.5 waves, -alculated1.0 waves.

4,9 The square root of the irradiance of the coherent image of a slit through 86
an optical system having 0.0, 0.5, and 1 0 waves of defocus. The top plot is
for an unapodised optical system while the bottom plot is for a system
having a Gaussian apodiser Legend-

____unaberrated, 0 5 waves, ..... 1 0 waves
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4.10 The coherent image of a slit through an optical system having 0.0. 0.5, 87 -
and 1.0 waves of y-axis coma. The top plot is for an unapodised optical r
system while the bottom plot is for a system having a Gaussian apodiser.
Legend:

unaberrated, 0.5 waves, 1.0 waves.

4.11 The square root of the irradiance of the coherent image of a slit through 88
an optical system having 0.0, 0.5, and 1.0 waves of y-axis coma. The top
plot is for an unapodised optical system while the bottom plot is for a
system having a Gaussian apodiser. Legend:

unaberrated,.. 0.5 waves, 1.0 waves.

4 12 The coherent image of a slit through an optical system having 0.0, 0.5, 89
and 1.0 waves of spherical. The top plot is for an unapodised optical system
while the bottom plot is for a system having a Gaussian apodiser. Legend:

unaberrated, _ 0 Swaves, . . .1.0 waves,

4 13 The square root of the irradiance of the coherent image of a slit through 90
an optical system having 0.0, 0.5, and 1.0 waves of spherical. The top plot is
for an unapodised optical system while the bottom plot is for a system
having a Gaussian apodiser. Legend:

unaberrated, 0.5 waves, 1.0 waves.

4 14 The width of the irradiance distribution of the image of a coherently 92
illuminated slit is shown for various amounts of the aberrations of (a)
spherical, (b) y-axis coma, and (c) defocus. The solid curves are for the
unapodised cases while the dashed curves are for the apodised cases.
Only slit images that were in terms of the square root of irradiance
were considered.

4 15 The irradiance distribution in the image of two point sources separated 95
in the object plane by (a) 2b = 20, (b) 2b = 30), and (c) 2b = 40. The optical
system is unaberrated and unapodised. The vertical axes are scaled in the
same relative units of irradiance, while the horizontal axes are scaled in the
same relative units of dimensionless distance coordinates.

4.16 The irradiance distribution in the image of two point sources separated in 96
the object plane by (a) 2b = 20, (b) 2b = 30), and (c) 2b = 40. The optical
system is unaberrated and has a Gaussian apodiser. The vertical axes are
scaled in the same relative units of irradiance, -while the horizontal axes z
are scaled in the same relative units of dimensionless distance coordinates

4 17 The Sparrow limit of resolution for various values of (a) spherical, (b) y-axis 98
coma, and (c) defocus. Data points are not included for higher amounts of
y-axis coma and defocus because the point image is not sharply peaked at
these higher values.

4.18 The mensuration error for a coherent optical system having no aberrations 99
The solid curve is for the unapodised case while the dashed curve is for the
apodised cases. The mensuration error is the measured separation of the
two points minus the expected separation of the Gaussian image points.
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4.19 The mensuration error for a coherent optical system having 0.5 waves of 100 IF
-, ~spherical aberration. The solid curve is for the unapodised case while the-.-

dashed curve is for the apodised case. The mensuration error is the
measured separation of the two points minus the expected separation of
the Gaussian image points.

5.1 The experimental configuration used to measure the irradiance impulse 104
response of the optical system formed by L1,L2, the iris, and the apodiser.

5.2 The experimental configuration used to measure the image irradiance 109
distribution of edge and slit objects thorugh the optical system formed by
LI.L2, the iris, and the apodiser.

5.3 A comparison of theoretical and experimental results. (a) A single frame of 117
data. (b) The average of eight frames of data. (c) A comparison of the data
in (b) to an Airy pattern. (d) A comparison of the data in (b) to a central
slice through the impulse response predicted using the measured aberrations.
The vertical axis for each plot is relative irradiance (1) plotted on a logarithmic
scale. The horizontal axis for each plot is normalized distance v. The scales are
the same on all of the plots.

5.4 The photograph in the top of this figure is of the irradiance impulse 119
response of an unapodised and essentially unaberrated optical system.
The aberrations of this system are listed in column 3 of Table 6.2. The plot
on the bottom of this figure is the calculated modulus (vertical axis) of the
impulse response through the same optical system. The horizontal axes have

the same units of normalized distance.

5,5 heoretical (solid curve) and experimental (broken curves) plots of central 120
slices of the irradiance impulse response for an apodised (G = 3) and
unaberrated optical system.

5.6 The photograph in the top of this figure is of the irradiance impulse 121
response of an apodised (G = 3) and essentially unaberrated optical system.
The aberrations of this system are listed in column 3 of Table 6.2. The
apodiser is described by (4.6) and shown in Fig. 3.9. The plot on the bottom
of this figure is the calculated modulus (vertical axes) of the impulse
response through the same optical system. The horizontal axes have the
same units of normalized distance.

5.7 An interferogram of the example optical system generated by the point- 123
diffraction interferometer. The white dots are the points which were '

digitized and entered into the interferogram analysis program WISP.

5.8 The photograph is of the irradiance impulses response of an unapodised 127
optical system with the aberrations of astigmatism = 0. 1 X, coma = 0. 1 X,
and spherical = -0.8k. The 3-D plot is the theoretically predicted modulus
(vertical axis) based on these aberrations. The horizontal axes are in the._
same units of normalized distance.
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5.9 The photograph is of the irradiance impulses response of an apodised 128
(G = 3) optical system with the aberrations of astigmatism = 0.1 X, coma

S0. 1 X, and spherical = -0.8.. The 3-D plot is the theoretically predicted
modulus (vertical axis) based on these aberrations. The horizontal axes are
in the same units of normalized distance.

5.10 Theoretical(solid lines) and experimental (dashed lines) results are 130
*, compared for two systems. In the first system (a) astigmatism a 0.1 X. ,
. coma a 0.1 X, and spherical = -0.2 X; and in the second system (b)

astigmatism = 0.1X, coma = 0.1X,spherical = -0.6X. The plotson the left
are for the unapodised case while the others are for the apodised (G =3) case.

5 11 Theoretical (solid lines) and experimental (dashed lines) results are 131
compared for two systems. In the first system (a) astigmatism = 0.OX,
coma = 0. 1X, and spherical = -1.2X; and in the second system (b)
astigmatism = 0.2X, coma . 0.3X, spherical =-1.9X. The plots on the left
are for the unapodised case while the others are for the apodised (G = 3) case.

5.12 The photograph is of the irradiance impulses response of an unapodised 132
optical system witht he aberrations of astigmatism = 0.2X. coma = 0.2X,
and spherical = -0.1 X. The 3-0 plot is the theoretically predicted modulus
(vertical axis) based on these aberrations. The horizontal axes are in the
same units of normalized distance.

5.13 The photograph is of the irradiance impulses response of an apodised 133
(G = 3) optical system witht he aberrations of astigmatism = 0.2k, coma
= 0.2X, and spherical = -0.1 X. The 3-D plot is the theoretically predicted
modulus (vertical axis) based on these aberrations. The horizontal axes are
in the same units of normalized distance.

5.14 Experimental data through the center of the urapodised (top) and 135
apodised (bottom) irradiance impulse response of a system with
astigmatism = 0.2Xcoma = O.2X, and spherical = -O.1. Theapodiser
had a value of G = 3.

5. S Experimental (dots) and theoretical (solid lines) data are compared for 136
the experimental conditions described in Fig. 5 13. [.

51 6 Experimental data from the analog output of the I-SCAN linear detector 138
oriented perpendicular to the edge image through an unapodised (top plot)
and apodised (bottom plot. G = 3) optical system with measured third
order aberrations: astigmatism = 0.1 X, coma = 0.1 X, and spherical = -0.8x.

5 17 Experimental (dots) and theoretical (solid lines) data are compared for 139
the experimental conditions described in Fig. 5 16

5 18 Experimental data from the analog output of the I-SCAN linear detector 141
oriented perpendicular to the slit image through an unapodised (top plot)
and apodised (bottom plot, G = 3) optical system with measured third order L
aberrations: astigmatism = 01X, coma = 0.1 X, and spherical = -0.8X.
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5.19 Experimental (dots) and theoretical (solid lines) data are compared for 142
the experimental conditions described in Fig. S. 18.

5.20 Experimental data from the analog output of the I-SCAN linear detector 143
oriented perpendicular to the slit image through an unapodised (top plot) W.

and apodised (bottom plot, G = 3) optical system with measured third order ;.
aberrations: astigmatism a 0.1X, coma = 0.1X. and spherical = -0.8X.

5.21 Experimental (dots) and theoretical (solid lines) data are compared for 144
the experimental conditions described in Fig. 5.20. -"

5.22 Experimental data from the analog output of the I-SCAN linear detector 145
oriented perpendicular to the slit image through an unapodised (top plot)
and apodised (bottom plot, G = 3) optical system with measured third order k%.7
aberrations: astigmatism = 0.1 X, coma = 0.1 X, and spherical = -0.-"-

5.23 Experimental (black dots) and theoretical (solid lines) data are compared for 146
the experimental conditions described in Fig. 5 22.

5.24 The irradiance distribution in the image of a two-point object through 148
an essentially unaberrated system which is unapodised in the top plot.
and apodised (G = 3) in the bottom plot. In each plot, the solid curve
represents a theoretical prediction and the broken curve represents
experimental data.

5.25 The mensuration error is plotted relative to the geometrically expected 149
image point separation for a system which is essentially unaberrated
and is unapodised (solid curve) or has a Gaussian apodiser (broken curve).

S 26 The mensuration error is plotted relative to the geometrically expected 1 SO
image point separation for an unapodised (solid curve) and Gaussian
apodised (broken curve). The measured aberrations were astigmatism
= .IX,coma = 0.1k, and spherical = -0.8X.

A2. 1 The mask used to make the Gaussian filters used in this experiment. 182

A2.2 The characterization of filter #6. The onotograpns are of the unapodiseo 183
(upper left) and apodised impulse responses of the test system. Below
each photograph are plots of the corresponding theoretical(solid curve)
ind experimental olots of irradiance along a line through the center of
the impulse responses. Experimental data are from two orthogonal sices.
The ordinate of each plot is in terms of the logarithm of relative irradiance(l)
and the abscissa is in terms of the normalized distance u.

A2.3 The characterization of filter # 52. The photographs are of the unapodised 184
(upper left) and apodised impulse resoonses of the test system. Se!ow
each photograph are plots of the corresponding theoretical(solio curve)and exper imental plots of irradiance along a line through the center of '
the impulse responses. Experimental data are from two orthogonal slices.

The ordinate of each plot is in .erms of *he logarithr" of relative irradianceT"-
and tme aoscissa is in terms of the normaiizea cistance u. r
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CHAPTER 1 INTRODUCTION

This dissertation describes a systematic study of coherent optical imaging systems ',

which had optical aberrations and in which apodisation was emn!oyed to improve their

performance. Apodisation has proven to be an extreme: . -ortant method of

improving the performance of incoherent optical systems, including those with

aberrations. However, until this thesis, the benefit of applying apodisation to aberrated

coherent optical systems had not been established. Since all optical systems have at least

some residual aberrations, this study was well motivated.

In this thesis, the utility of apodisation in improving the performance of aberrated

coherent optical imaging systems was investigated both theoretically and

experimentally. The emphasis was on describing the optical system performance when

(1) aberrations were present and (2) when apodisation was added to an already

aberrated system. Based on the previous research concerning unaberrated systems, it

was hoped that apodisation would improve the performance of aberrated systems as

well It will be shown in the following chapters that this was indeed the case Among

other effects, apodisation used in an aberrated coherent imaging systems was found to

be effective in (1) reducing the ringing in the image of an edge or a slit and (2)

decreasing the error in the measured positions of the peaks in the image of two closely-

spaced points. This behavior of an apodised coherent system had previously been

ir reported when the system was free from aberrations. The analogous behavior when the .

system was aberrated is a new result.

Apodisation is a deliberate modification of the amplitude transmittance of an

optical system. As an illustrative example, consider a centered, circularly-symmetric

aberration-free, unapodised, coherent optical system. The amplitude transmittance

F,.
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A(xzy) of the exit pupil of such a system can be described by the function

A(x) = , 1.1
A X.y -circ

where r2 = x and y are coordinates of the exit pupil, a is the radius of the exit

pupil, and circ represents a function which has a -. A(zxy)= I for rSo and A(xy)= 0.

for r>o. The modulus of the amplitude distributon in the image of a point source

through this simple system (the modulus of the amplitude impulse response) is displayed

in Fig 1. Ila. When squared, it yields the Airy diffraction pattern or the irradiance impulse

response which is shown in Fig.l.c. If now for example, A(x,y) is modified by a
.J.-

Gaussian apodising function, the amplitude transmittance becomes

(1.2)

where j is the characteristic width of the Gaussian. The Gaussian is of course only one of

an infinite number of possible apodising functions. The modulus of the amplitude

impulse response for this system with 3=.58 is shown in Fig. 1.lb. There are two

immediately noticeable effects when comparing Figs.1.1a and 1.1b. First, the peak

irradiance has been significantly decreased by the apodisation; and second, the outer

rings evident in Fig. l.Ia have been totally suppressed in Fig.1.lb. It is apparent that the

term apodisation is appropriate since it is derived from the Greek: a - meaning without,

and pod meaning foot. The apodisation has indeed removed the 'feet" of the

amplitude impulse response. This change has important impiications in the analysis of

conerent owical systems.

While incoherent optical systems are not within the scope of this study, it is useful

to compare them to coherent optical systems. Such a comparison emphasizes the

important characteristics of coherent systems. Image forming systems have traditionally



'I.I

-z

0

Fi. . Te odlu f heamliud ipls rspns trogha otialsyt b)wt

Fi.11The morduli oftenliue impulse response thhtenfrou a ner opteic s yhtem in(c.The

v'ertical scales are in relative units, with (a) and (b) having the same scale . e
other axes of each plot have units of relative distance and the scaling is the same.



4

been incoherent because the object to be imaged was usually either self-luminous or "

incoherently illuminated. Incoherent systems have the convenient property that they are

linear in irradiance, which is. of course, the detected quantity. On the other hand, when

an object is illuminated coherently the system is linear in complex field amplitude and

hence nonlinear in irradiance. Partially coherent systems are also not linear in irradiance

but are linear in the mutual intensity function, or for the non-quasi-monochromatic case,

in the mutual coherence function.

Another important difference between coherent and incoherent systems is the

form of their impulse response functions. This difference is also illustrated in the plots of

. Fig.1.1. The incoherent impulse response (Fig.1.lc) is in terms of irradiance while the

coherent impulse response (Fig.1.la) is in terms of amplitude. These figures graphically

illustrate the fundamental difference; i.e. the incoherent impulse response is by

definition real and positive, while this is not necessarily true for the coherent impulse L

response. Thus, the convolution associated with the imaging process is performed with a

fundamentally different impulse response. This difference leads to the deleterious

effects which often arise in coherent imaging.

One such effect occurs in the image of an edge. The form of the image of an edge

through an optical system is dependent on whether the illumination is coherent or

incoherent. This is shown in Fig. 1.2, where the irradiance of the coherent and incoherent

,. mages of an edge are plotted relative to the geometricai image of that edge. . -

These curves were generated by calculating

+- ~(1.3) .'-

for the coherent image of an edge and
=,r
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•Iu=-+ 12-sn -"dr+ (cos2u-1 (1.4) --
2 ino y " 2nu\ S.

for the incoherent image of the same edge. The quantity u is the canonical distance

coordinate I-

2na
V= (.5)

where a is the exit pupil radius, A is the mean wavelength of the illumination, d is the

distance from the exit pupil to the image plane, and y is the image plane coordinate

perpendicular to the edge image. The coherent image exhibits a pronounced ringing

which is a direct result of the negative regions of the amplitude impulse response. Also, ,-

the position of the coherently imaged edge (the half peak-irradiance point) is shifted to

the right relative to the incoherent image. Such defects in imaging are not limited to

edge images, but also occur in images of other simple objects such as two points or a slit,

as well as in more complicated images.

The shift of the edge in the coherent case, relative to the incoherent case is due to

the nonlinearity of the coherent imaging process. The nonlinearity arises when the field

amplitude in the image plane is multiplied by its complex conjugate to give the image

irradiance distribution. Thompson' has suggested that the analysis of coherent images

shouid be in terms of the square root of the irradiance. Such a comparison for the case -

just considered is shown in Fig. 1.3, where the amount of edge ringing on the illuminated

side of the edge image is reduced and there is no shift in the position of the edge. There

is, however, an effective increase in the amount of ringing on the dark side of the

imaged edge.

This study was concerned exclusively with.coherent optical systems. Incoherent .

and partially coherent optical systems were not investigated, although occasionally the

.2 2. _. ,: 2 2z_ # ' .2- -2.. ,-2 .,2.. ' .' .' ._ :: .:?. " .-" ." =' _" '.;','_....2.". '. ." " "_". " '._-:.. .: 2£ .. _- " .' -.'_r
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calculated results were compared to the equivalent incoherent case. The partially

coherent case contains, as limits of coherence, both the incoherent and coherent cases.

rhe effects studied here, e.g. edge ringing, are the most pronounced when the '.

illumination is fully coherent. Thus, the limitation to coherent systems was a worst case

analysis. For that reason only coherent optical systems were considered.

The use of apodisation to improve the performance of optical systems has been

the subject of a large number of studies. Most of these have considered only incoherent

illumination. The original application of apodisation was to increase the resolution of

spectroscopic instruments. As expected, in recent years the number of studies of

aoiodisation in coherent systems has increased. In these studies, however, the optical

system was always assumed to be free of aberrations. The researchers who have

considered the use of apodisation in improving the performance of an aberrated system

have limited themselves to incoherent systems. - There have only been a few studies

concerning the effects of aberration on the performance of coherent optical systems.

There apparently have been no studies analyzing the effect of apodisation on the 0..-

performance of aberrated coherent optical systems.

The research described in this dissertation partially fills that void. That is, the

cierformance of coherent imaging systems was theoretically and experimentally analyzed

under the conditions: (1) no aberrations or apodisation, (2) third-order aberrations but

n'o aoodisation, and (3) both aberrations and aoodisation.

* - in Chapter 2, the basic equations needed to analyze coherent imaging and beam

* propagation systems are developed and previous research relating to this problem is

reviewed. Chaoter 3 is devoted entirely to an analysis of the amplitude impulse resoionse,

which is central to the study of all optical systems. in Chapter 4, theoretical results under

differing conditions of aberrations and aoodisation in coherent imaging systems are

7 r
*-wC-**r- *r - *' 7-- . -'. .- - .- *.-. . .. - -.. . .+ .. .... . ., • . T - - _: -, ,,
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presented and analyzed. The experimenta methods and results ore fully described inJ

Chapter S. Finally. conclusions are presented in Chapter 6.
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CHAPTER 2 OPTICAL IMAGING SYSTEMS - ANALYSIS ik

The concepts to be studied in this disertation are amenable to analysis using simple

optical swatm models. In the first section of this chapter. these simple models are

described and the formulae for their analysis are developed from the Rayleigh-

Sommerfeld theory. Next. the diffraction theory of aberrations is outlined with

particular emphasis on the use of Zernike polynomials. Then. the previous research

relating to this problem is described Finally, the rationale for using a Guassian apodiser

rather than some other is given.

2.1 THEORETICAL BASIS FOR THE ANALYSIS OF COHERENT IMAGING SYSTEMS

2.1.1 Beam Propagation Formulae

The optical systems considered in this thesis will be modeled and analyzed using

standard physical optics techniques, One of the basic tools in this field is the beam

propagation equation This equation takes two forms. Fresnel or Fraunhofer,

Yo y

'"77

Exit Pupil Plan. Oberation Plane

Fig.?. 1 The diffraction geometry used in the derivatiorn of the beam propagation
formulae.

10 r
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depending on the distance of propagation. It approximately describes the optical field in

an observation plane (see Fig.2.1). given that the optical field is precisely known in the

plane of the exit pupil. The two planes are separated by the axial distance z; and a

general point Po in the exit pupil plane is separated from a general point P, in the

observation plane by the distance roi.

The optical field at the observation point P, can be described by the Rayleigh-

Sommerfeld diffraction formula* (an application of the Huygens-Fresnel principle2 )

1'( UPo - Cos n r ds,
U( P)= 1 - JUr(P') :2)

r0

where the integration is over the exit pupil S and it has been assumed that r0 i 1. The 12

cosine term is the obliquity factor,

where 5 is a unit vector normal to the exit pupil plane pointing away from P, and r, is the

vector joining the two points Po and P, and pointing towards P,.

Following the treatment in the text by Goodman 2 , some initial approximations can

be made to make (2.1) more amenable to calculation. First, the limits of integration are

made infinite with the understanding that, in accordance with the Kirchoff boundary

conditions, the field in the plane of the exit pupil U0(x,y,) wil be zero outside the exit

pupil Z. Futhermore, it is assumed that the distance z between the exit pupil and the

observation plane is much greater than the maximum !inear dimension in the exit puoil.

Additionally, it is assumed that in the olane of observation only a finite region about the

optical axis is of interest, and that the distance z is much greater than the maximum

m[near dimension of this region. With these assumptions the obliquity factor is readily

*Throughout this thesis, quantities like U,(P) and U,(PO) which are complex-valued are
ornted n bold-face type.
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approximated by _
'

_

Cos n , r 01 (21 2) 2.2)
where the accuracy is within 5 percent 2 if the angle does not exceed 180.

Similarly, the quantity r., in the denominator of (2.1) will not differ significantly

from z, allowing (2.1) to be rewritten as'

U1(P) =.( U z..o)e dxodyo. (2.3)

The quantity r, in the exponent cannot be replaced with z because any error between r,

and z would be multiplied by the very large number 2rX with the product easily

exceeding 2n radians.

However, a further simplification can be made by applying the Fresnel

approximation. The distance r., is given exactly by

r. =Z2 + X + (~)2 )2. .(2.4)

i| 0) .j-

Using the binomial expansion of the square root, (2.4) can be written approximately as

+ x, ( O ) - YO )2 -(25)

Substitttng (25) to (2.3), performing the squarng ooerations of (2 5), and rearranging

terms results in the Fresnel propagation formula

n 2 2" -'(zz+Y LY) (2.6) L
U XIY= -e U° oy e e ddy.

This is a basic formula wnicn relates the optical field amplitude in the exit pupl plane

lU,(Xo,,yo) to the optical field amplitude in the observation plane Ui(x,,y).

*In this thesis a double integral with infinite limits on both integrals is represented as in
(2.3).

Ko-
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The quantity U0(x,.y,) contains all of the information about the exit pupil,

including aberrations and apodisation That is

U = U(y) A (0.y) e 0 B( ) (.

where Uin(x 0.y0) is the wavefront incident on the exit pupil, A(x 0.y) represents the
*1

amplitude transmittance of the exit pupil, O(x.oyo) represents the phase aberrations

associated with the exit pupil, and B(Uo,y o) represents the finite extent of the exit pupil

A(x1,.yV) is the term which describes the apodiser In general, A(x1 v,,Y) could be complex;

but in this study only real apodisations will be considered

It is instructive to note that, aside from multiplicative amplitude and phase factors

!n (2.6) that are independent of (x0..,y), the function U,(x,,v) may be found from a Fourier

transform of

U Oep [i( n/Az)(x2+Y2)I (2.8)

where the transform must be evaluated at the spatial frequencies fx = ,'L and f, =Y.,...

to assure the correct spatial scaling in the observatior plane.

In the near-field analysis of an optical system, (2.6) is used directly The field

amplitude in the exit pupil, Uo(Uoyo) is, as stated previously, limited in spatial extent by

that exit pupil anc contains the incident field amplitude, the attentuation oy the

anodiser and any aberrations which may be part of the illuminating wavefront. The field

amplitude at each point in the observation plane can then be determined by performing ...

the indicated integration ,

For a far-fie!d analysis, (2.6) simplifies further If, in addition to the assumptions

made in the Fresnel propagation case, the stronger (Fraunhofer) assumption

n(,
2 " i a '.-(2.9)

-max

r A:
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is adopted, then the quadratic phase factor inside the integral is approximately unity. In IN

this case, the observed field amplitude can be found directly as a Fourier transform of the

field amplitude of the exit pupil. Thus, in the region of Fraunhofer diffraction,

2n

- =++= J-h3,3 1  
* z°Y° •

*o')""" .

~~~+ AZ- ~ xiY)~ zd 0  (2.10)

Aside from the multiplicative factors preceding the integral, this equation states that

U,(z,,y,) is the Fourier transform of the exit pupil distribution Uo(Uoyo), evaluated at the

spatial frequencies f, =x/Az and fy=yillz.

The analysis of the focussed beam propagation system is likewise simplified by the

presence of the focussing lens. A perfect lens only changes the curvature of the incident

wavefront, i.e., the field just after the lens, Uo'(x.y), is given by

U xzv) U X y.)A(x y)eA (Oo(j)eA =(U>2  (z ).e iAf 2 ~ 2

where U,,(x0 .y,) is the field just before the lens and f is the focal length of the lens,

assuming that the lens is in the exit pupil.

if the observation plane is a distance ,away from the exit pupil, then the -. ;arat.c

phase factors inside the integral of (2.6) cancel in th:s case, the integral ;s agai r an exact

-ourier transform of the exit puoil functionIf:
2n

U .xy =J) U ,e I V (1'

2.1.2 Imaging Systems r

The analysis of imaging systems will be based on the technicues of ourer.

transforms These methods were developed primarily by Duffieux 3 .4 , partly in

=: r
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collaboration with Lansraux 4. The following development follows closely that of Born

and Wolf Section 9.5. 1.

X0 Xi.,-:

P0  pi*

C optical
axis

optical
systm ATwavefront

entrance Gausi r
object pupil sphere S exit image
plane puil planepupil " -'

Fig.2.2 The geometry of a centered optical system which gives rise to an aberrated
wavefront W. The aberration function c is in terms of the distance QQ* between
W and the reference sphere S.

Consider the centered optical system sketched in Fig.2 2 Points in the image plane

and n the plane of the exit pupil are specified by Cartesian coordinates ('L,.v) and ( j.j).

respectively. The YoYi, and n axes while not shown in Fig.2.2 are perpendicular to the

optical axis and to the xoxi, and F, axes. respectively. Points in the object plane are

specified by scale normalized coordinates (r0 ,yo) such that, if Po at (Xo.Y.) is a typical

object point and Sf is the lateral magnification, then x, = X and v, = MY, so that the

object point and its image have the same coordinate values.

The ,maging properties of the optical system are specified by the transmission

function K (x%,. x.), defined as the comolex amolitude. oer un:t 3rea of *he object

plane, at the point (x,,y,) in the image plane, due to a disturbance of unit amplitude and N.

zero phase at the object point (xo,yo). The imaging nrocess is then described by

r

;-...,.. :..o, ....... ,............. ... ,-.. .,.. .. . .....- ,-....
*.* -* *. t * i. . . . . . .-.- - -,,-'--, .-''--- -. ' - .

' .r -
,- '-.. - ' - .
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Ux..y,)= J J.. Y)OK(oY ; r)d .d, (2.12)

where UJ(xo,yo) represents the complex disturbance in the object plane and U,(x,.',) ,s

I -eresultant optical field amplitude at the point (X,yj) in the image plane.

The transmission function K (XUYO. xyi) depends on the physical properties of the

optical system. This dependence can be derived by determining the image of a point

object of unit amplitude and zero phase at the point xo=x0 , Yo=Yo'. In this case. the '

object is described by

U~x~v) 8(x~)8(~y)(2 13)

where 8 is the Dirac delta function. Then (2.12) reduces to

Uxy)=KxYx) (2.14)

that is, the transmission function K is equal to the disturbance in the image plane due to

the point source (2.13) in the object plane.
, g , ?

The Gaussian reference sphere S is centered on the image point x,'=zx', y,'=y0

(shown as P, in Fig.2.2) Let R be the radius of the reference sphere and let

-t*R . .

G ' (2.15)

oe the disturbance at a typicai point i,,r) on this sphere due to the point source (2.13).

Apart from an additive factor m/2, the phase of G is then the aberration function O and

the amplitude of G is a measure of the non-uniformity in the amplitude of the image-

forming wave. The factor /A on the right side of (2.15) was introduced to simplify later I

formulae.

Using tme Rayieign-Sommertea aiffrac:'on formua (2.1), the optical field in the ".

image plane is (small angles of diffraction assumed) V:.i

-..:_..-......-. - ................ . .-. . .. . ... • ..._,-.o,....-..
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I n(2.16)

U~~x ~Hy1) -v=L .%IN~0 y~)d~

where s is the distance from the point (4,ql) on the reference sphere to the point (x.zy,) in

the image plane; and the integral extends over that portion of the reference sphere .

which approximately fills the exit pupil.

The distance s is given exactly by

s~{2+~ x j + () 2}1' (2.17)

g and approximately by

S2IR-(X -X)~-Y- (2.18)

where the binomial expansion has been applied to (2.17), all but the first three terms

have been dropped, and the terms which are quadradic in object or image plane

coordinate have been discarded as being much smaller than R.

-hen. tn'e combtination of (2.14)-(2 18) results in

K( 2 1~) 2r 1  y ~ \ G(x.,y ,,,Lre AR~KUkO d (.19

where G 'S ta~en :o oe equal to zero at cioints E,.Ij outsiae 'he opening in the exit puoii.

7his is the required relation between the transmission 4Function K and the pupil function

G f' tre system Since K may be re-aroea 3s the dis*,jrbance in the image of a pot

'ar -""4 Ze ::ent:fie! 31,. .js -o: re puise -e.-ponse of zne' )pt:ca,

system From (2 19) it can be seen that this amplitude impulse response is proportional to
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the Fourier transform of the pupil function G, where the transform must be evaluated at

the spatial frequencies [x = (x,.z)/XR and f, = (y,-y,)/."R.

In a well-corrected circularly symmetric system, K approximates, apart from a

constant factor, the amplitude of the Airy diffraction pattern. Since this study involves

the performance of optical systems which are not very well-corrected, the form of K will

depart, sometimes significantly, from the Airy pattern. However, considered as a

function of (xo,yo), the transmission function varies slowly as this point explores the

object surface. More precisely, the working field may be divided into regions, where

each region is large compared to the finest detail that the system can resolve; and with

the property that in each such region r, K is to a good approximation, a function of the

displacement vector from the image point, but not of the image point itself. In such

cases,

K~x~; =i~.(x - ,y ~).(2.20)

A region r with this property is said to be an isoplanatic region of the system. This study

' will only consider objects that are so small as to fall within such an isoplanatic region In

this case, (2.12) and (2.19) may be replaced by

~y) i i~ U~.2~)KK~y ~(2.21)

U~~~~~~ ~% z • .x,' X_ ,y)xd 0 0f
and

K(, X 01y, YO)=-. 2 J J G( ,l )e 0(a)L )d.q (22

where the function G is now independent of the object point.

S- J. -. -. .-. . .•.
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91 If U(x 0,y0), U1(x,,y), and K are represented as the Fourier integrals

U~x.Y) J- 0 u~~~~f~~+~ )dfdg (2.23a)

Ul(z"Y )= , f (ge1(a Y yI )dfdg ,(2.23b)

K(x~y) fk(f.g e1nf1)dfdg .(2.2 3c)

2-en, by tne Fourier inversion formula

(f,)= f x,)e K ddy (2.24b)

u,( f~gu( fg )k(~g) (2 25)

This equation implies that if the optical fields in the object andimage planes are

each considered as a superposition of spatial frequencies f and g, then each component
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of spatial frequency in the image plane depends only on the corresponding component

in the object plane, and the ratio of components is kc. A comparison of (2.23c) and (2.22)

reveals that

k( (2.26)

so that the frequency response function k(fg) is equal to the value of the pupil function

G at the point

XARf an'd q XRg .(2.27)

The calculation of the image of any appropriately small object can now be -

accomplished by Fourier transform techniques. That is,

U xY=F~k(fgFj1 x )} U (2.2 8)

where F{ and F-I{ indicate the direct and inverse Fourier transforms, respectively, of£

the bracketed terms. The inverse Fourier transform must be evaluated at the spatial

frequencies f=f,/IJ? and g=n/)J? and the direct Fourier transform must be evaluated at

the soatiai frequencies f=(x,.x0 ,)/XR and g=( y 1 X).R. This powerful tool, (2.28), wifl be

-sec extensively !n ne analysis of aberratec imaging systems in this thesis

2.1 .3 Measures of Performance

2.1.3.1 Two-Point Resolution

'The performance of an optical system is measured using criteria that are

eoe'ert uo the intendled use of the system In the telescope, for example, the

"esoiution of two !oseiy-soaced Doint obiects s~ mroortant Lord Ravleigh,6 develooed

the first resolution criterion, which now bears his name .,lsing Airy's7 result concerning

the "'ace of a ooin, source through a circular 3oe-ure. Lord Pavleah stated ,hat wo

. . . . . . -

*. . A .A .1.
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point sources are just resolved if the maximum of one irradiance pattern coincides with

the first minimum of the other. As Barakat 8 has pointed out, the Rayleigh criterion is

based on the tacit assumption that the two point sources are mutually incoherent. It is

necessary of course that they also be of equal irradiance. Born and Wolfs extended

Rayleigh's criterion by stating that resolution is obtained when the irradiance, midway

between the geometrical images is 19% less than the maximum irradiance in the image

of the two points.

An alternate criterion, suggested by Sparrow 9 , states that the two point sources

are just resolved if the second derivative of their image irradiance vanishes at a point

midway between the Gaussian image points. The Sparrow criterion is more readily

amenable to quantitative calculations and has often been used in assessing systems. It is

also well suited to analyzing resolution in coherent systems. The Sparrow criterion will

be used in this study.

%. The spatial coherence of the illumination from two point sources can dramatically

affect the resolution of their images. This is illustrated in Fig.2.3, where Grimes and

Tompson!0 have calculated the irradiance distribution in the image of two point objects

for various values of y, the complex degree of coherence between the two point sources

The geometrical seoaration of the points,which is just greater than the Rayleigh limit, is

noicated oy the two vertical dashed lines The two points are well resolved in the

,nconerent!imit, the resolution decreasing with increasing v until when y 0 6 the cirve

is essentially flat midway between the Gaussian image points (the Sparrow resolution

!imit) For greater values of y, the two points are unresolved. Rojak11 has calculated the

limit of resolution using the Sparrow criterion for values of y from the coherent limit to

the incoherent limit. %"

[i r
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Fig 2 3 The image irradiance distribution for various values of y from y =0 to y =1.0

(from bottom to top in the center of the graph) in steps of 0. (after Grimes and
Thompson'O).
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.2.1.3.2 Mensuration Error r

It is apparent from Fig.2.3 that the separation of the two points when measured in

the image plane depends on the degree of coherence The difference between the

expected separation based on geometrical considerations and the measured separation .

is termed the mensuration error. This mensuration error for a fixed degree of coherence

depends also on the separation of the point sources in the object plane'O. In the analysis

of the image of two point sources, the only measurable quantity is the separation of the I
two peaks in the resultant irradiance distribution, a separation that would normally be

considered to be the real separation of the object points. Hence, the mensuration error s

a very important measure of performance in some optical imaging systems

2.1.3.3 Edge Ringing, Shift, and Acutance

It is important in other systems to accurately image an edge object. Two major

effects encountered are edge-ringing and edge-shifting. These effects have been ""A

investigated by, among others, Hopkins12, Steel1 3, Canals-Frau and Rosseau 1 4, Kinzly1 S, ,..
r

Skinner1 6.1 7, Considine18, and Thompson - 9. These effects are illustrated in Fig. 1 2 where

the theoretical irradiance distribution of the image of an edge object by a one-

dimensional ideal lens is shown for both coherent arc incoherent illumination It is also

aooarent from this figure that the slooe of the irraciance near the edge is different "or

the two cases. The slope of the edge irradiance is termed the acutance and is greater for

a coherent image than for an incoherent image of t-e same edge with the same optical

system. When quantified, these effects can also be measures of performance of the
LAJ

imaging system.

2.1.3.4 Slit Ringing and Width

The use of bar targets for measuring resolution of optical systems is perhaps the

most common and rapid method of evaiuating an opticai system. The OTF of an

I. . .

. *5 r__..
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incoherent system can quickly be estimated, using an object consisting of many sets of

bar targets, each having a different fundamental spatial frequency. Although the OTF is

not applicable to coherent systems, it is interesting to compare the image of a slit (or a

bar) in the coherent and incoherent limits. When coherently illuminated, the edges of

the slit will exhibit edge-ringing and edge-shifting. As an illustration of this problem, the

coherent image of a slit is displayed in Fig.2.4. Under coherent illumination the slit

appears to be narrower than under incoherent illumination. The opposite situation

would occur for a coherently imaged bar; the bar would appear to be wider. The size of

the bar (or slit) can be used as a measure of the performance of the system. The

normalized distance u used in this figure was defined in Chapter 1.

A more meaningful depiction of the coherent image of an edge might be a plot of

the square root of the irradiance. This follows the suggestion made by Thompson'. Fig.

2.5 is such a plot. The advantage of this approach is the removal of the nonlinearity in

the coherent imaging process. One result is that there is no edge shift; another is that

t-e edge ringing is reduced

2.1.3.5 Streh! Ratio. Encircled Energy, Second Moment, and Near.field

Fluctuations

In the case of laser systems, the important parameters of the focussed beam are

the Strehl ratio, encircled energy, and second moment of the irradiance distribution The

Strehl ratio is formed by the ratio of the peak irradiance in a particular plane of the focal

region of an aberrated beam to the peak irradiance in the focal region of an unaberrated

oearr The encircled energy is the total energy within a given circle in a plane normal to

the beam The second moment refers to the variance of the irradiance distribution of :he

beam Each of these can be used as a measurement of performance. In the near field of

r-
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the beam propagation-systemn, the irradiance distribution can have significant

fluctuations that arise from diffraction caused by the apertures in the system These

fluctuations can degrade the far field performance of the system by distorting reflecting

surfaces as pointed out by Avizonis, et a120. The fluctuations could also damage - F:

components of the final amplifier stages in systems such as a high peak power pulsed

laser. Thus, the amount of the near-field fluctuations can be an important limitation of

performance in these systems. -

2.2 THE DIFFRACTION THEORY OF ABERRATIONS

Both the geometrical- and diffraction-based theories of aberrations are covered

comprehensively in the text by Born and Wolf 5. Those parts of their treatment which are

pertinent to this study will be briefly reviewed.

Consider again the centered optical system shown in Fig.2.2 with a monchromatic

point source P0 in the object plane. The Gaussian image point P, in the image plane is the

center of the Gaussian reference sphere S which intersects the exit pupil at the on-axis

point C. A real wavefront W arising from the point source P, will In general not coincice

with the reference sphere but will deviate from t, perhaps as shown in Fig.2.2. The real

wavefront !s drawn intersecting the reference sphere at the axial point C.

At an aroitrary ooint Q on N a line percenaicu;ar 'o W recresents 3n oot:cal ray, or

wave normal. In general, this wave normal will intersect the image plane at a point P, *"

vnicn s oifferent from P,. The separation JT rese !wo ooints P P," s :he wave norma

aberration while the deformation of W relative to S along the ray QQ* is the wavefront

aoerration. The deformation of W in the region of the exit pupil will be described by the ,. .
%'%

joerraton ;unctior tP. Assuming :nat :he retractive incex OT the image space is unity, -P

(taken as positive in Fig.2.2) represents the distance QQ* along the wave normal.

r



28

In this study, the aberration function will be expressed in terms of both the Zernike

polynomials and the Siedel expansion. The Zernike polynomials are a complete set of

polynomials which are orthogonal over a unit circle. They were Introduced by Zernike21

in his famous paper on the phase contrast microscope and have been used extensively by

many researchers since then.

The circle polynomials of Zernike are polynomials V~m(xzy) in the real variables x

and y. in terms of the polar coordinates, x = si no and y = cose, they are expressed as

Vn '(,sinO, cosO ) = Rn"(cW " (.9

where m 0 or m >0 and n 2:0 are integers, n~ImI, and n-Imi is even. These polynomials

satisfy the orthonormal relation

J 2+2  ft(Xy Vn(X,~.d n+1 m" nn (2.30)

where 8j, is the Kronecker delta function and the asterisk denotes the complex- conjugate.

The radial functions R,,-(p) are polynominals in containing powers in 4Mi, 4n-2. tmI.

Instead of the complex polynomials V,,, one may use the real polynomials

rn VM V-1n =R-(P Co MID(2,311a)
n i rn ' it

and

R 2i j[ n snm (2.31 b)

The wavefront can then be expressed as

~(pO) = C cos rn + D sin me), (.2

^here C, and Dnim are the coefficients denoting the amount of a par-ticular aberraton

p serit
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In this study the polynomial Rn' (p) cos rn is sufficient to describe the aberrations

because the system is assumed to be symmetrical about the meridional plane ( 0 =).
.% -.

Table 2.1 lists the primary wavefront aberrations as well as lower order wavefront ,.f.

deformations. The first column of the table lists the third order and lower wavefront

aberrations. The second and third columns list the corresponding n and m values used in

the equations (2.29) through (2.32). The fourth column lists the specific functional form

of each of these aberrations in terms of the Zernike polynomials of (2.32), The fifth

column lists these same aberration terms where a conversion from the variables p and 0

to the variables x and y have been accomplished. In this case the wavefront is ex-pressed

.." 5..as --

( = 5- B xy'..' (2.32)
iw=o J=O ".'

where Bij is the coefficient controlling the amount of a particular aberration which is

present. In the last column, the aberration s are expressed as terms from the expansion

k '

(D(,)P" (a, 1ctstO + b, sinle), (2.3 3)
- - hU:":

ft=O 1=0 ._+

where the coefficients a,, and b.1 are commonly called the Seidel coefficients The
difference between this expansion and the Zernike expansion of (2.32) is that the

Wavefront is exoiressed in terms of powers of cosO and sine while in the Zernike

exoansion the wavefront is expressed in terms of multiples of the polar angle 0

The entries for x-tilt, y-tilt, and piston are relevant for interferome.rc

measurement and interpretation of wavefronts Piston is a term referring to amounts of

uni form phase across the exit pupil.

.r A-
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I"
2.3 PREVIOUS RESEARCH - APODISATION TO IMPROVE SYSTEM PERFORMANCE

The technique of suppressing the sidelobes in the irradiance distribution of the

far-field diffraction oattern of a finite aperture was the original definition of

apodisation. Mlc-- .,.dly defined now, apodisation refers to any method which

changes the performance of an optical system by modifying the amplitude and phase

transmittance of the exit pupil. It has been shown by many researchers that apodisation

can indeed improve the imaging properties of an optical system. Most of the work has

assumed an aberration-free system, but recently there has been some interest in

aberrated systems as well. However, there are apparently no studies concerning the use

of apodisation to improve the performance of aberrated coherent optical systems.

2.3.1 Studies of Systems without Aberrations

2.3.1.1 Incoherent Optical Systems

In retrospect, the most common apooisation seen in optical systems is the centrai

obscuration. Lord Rayleigh22 was the first to point out that a circular stop in the center

of a circular aperture causes the central maximum of the Airy pattern to become

narrower and also increases the deoth of focus. Straube!23 aooears to have been the f'rst"

to study effects of an apodiser other than the central obscuration. Most studies since

*.e, nave 3ttemoted *o aotimize some asoec . oerormanice oi .3n )otical svs.e- '.

finding an appropriate apodising filter Toraldo di Francia 24 originated the concept o

superresoiution over a limited field. This occurs when the diffraction pattern is forced to

assume a series )f :e'oes, the first one ,eing ;uch ' at "he -:entrai ore s narrower Than

that for the uniform pupil, while the remaining zeroes are spaced around the core in

a Nay 'hat a darK zone of !imited exten! and -2xhibiurng !ow secondary lobes s

.= r
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produced. Luneberg2S used the calculus of variations to determine the pupil function

given a prespecified distribution of image irradiance In two comprehensive review

articles, Wolf26(1951) and later Jacquinot and Roizen-Dossier 27(1964) described the

previotic wrk, Since then, many workers (see for example references 28-31) have -

cor.t -: .o this field. BarakatS.3 2.33 has been especially productive, solving three of

the four apodisation problems originally posed by Luneberg 2S.

2.3.1.2 Partially Coherent Optical Systems

Studies using partially coherent illumination are motivated by the physical fact

that real systems are seldom either fully coherent or fully incoherent. McKechnie 34 has

shown that, by obstucting the central part of the condenser, the resolution of a

microscope may be improved. In a similar study, Nayyar and Verma 35 have calculated the

limit of resolution (a modified Rayleigh criterion) for opaque annular and n-phase semi-

transparent annular apertures of two partially coherent point objects. Other studies

concerning two point objects, using different forms of apodisation, were conducted by

Magiera and Petraszkiewicz 36, Nayyar and Verma 3 7, and Mehta 38 39. Kintner and

Suiiitto4O have found a general condition for aciodisers which insure suppression of edge-

ringing. Som and Biswas 41 have studied the performance, in partially coherent light, of

3 pocdsers Nvncr were ortimized for se ,n ccrerent ilumrination.

2.3.1.3 Coherent Optical Systems

The most noticeable defect in the coherent image of an edge object is the

p enomena of edge-ringing. The use of apocisers to suppress edge-ringing has been

3hown o ce successfui :y Araki ano Asakura;2 :, K.?. Rao.et ai 4 45, Smith' -6, eaver an,

Smith 4 7, and Thompson and Kris148 . However, it is noted in several of these studies that

s edge ringing s suopressed *he amoun t :f eage shift s increased. he Nor* :i Ara".i

-. ~ *,* ~ V. .A A t-.--,
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and Asakura43 is particularly interesting because they have found an optimum apodiser

which suppresses edge-ringing but introduces a minimum amount of additional edge

shift. In related studies, Leaver49 has investigated the image of a line object and Rao et

alSO have studied the images of trapazoidal objects.

The improvement of the two-point resolution of a coherent optical system has

been approached from several viewpoints. BarakatB found apodisers which improved

the two-point resolution according to the Sparrow criterion. Thompson 5 l has

investigated the diffraction by annular apertures which have central regions that are

semi-transparent and which add a uniform phase. Such apertures will result in an

improved two-point resolution. Wilkins52 has solved the apodisation problem of

determining the diffraction pattern which has a specified Sparrow limit of resolution and

the maximum possible Strehl ratio. Clements and Wilkins5 3 have solved the similar

problem of maximizing the encircled energy with a specified Rayleigh resolution limit.

The work of Wilkins and ClementsS2.5 3 applies not only to image forming systems

but also to beam propagation systems. In a related study, Hazra54 also has found a class

of ootmum apodisers which will maximize the encircled energy. Rao et a155 have

investigated the effect of a specific type of apodiser on several measures of far-fieic"

oe ro rman e.

The performance of apodisers in the near field has been studied by Hadley5 6 as well as

-hompson and Krisl4 8 These workers have shown that aoodisation can decrease the

peaks of the Fresnel diffraction pattern which arise from apertures within the beam

propagation system with very little transmission loss.

The pacier bv Thompson and KriSl 48 ! resents a comoact overview of th-e sub'er! of

apodisation as applied to coherent imaging and beam propagation systems The

oroblem of reducing the oscillations of the near field pattern in 3n aberration-free

jr 1
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system is solved. A comparison of five apodisers relative to several far-field performance

parameters is also presented.

2.3.2 Studies of Systems with Aberrations

Most studies of systems with aberrations have assumed incoherent illumination,

while only a few have considered the use of partially-coherent illumination. There have

apparently been no studies specifically concerning the use of apodisation to improve the

performance of aberrated coherent imaging systems. Some work has been done by

considering the Gaussian nature of laser beams in aberrated beam propagation systems.

2.3.2.1 Incoherent Optical Systems

The majority of the work aimed at using apodisation to improve the performance

of aberrated imaging systems has occurred in the last few years. However, Tsujiuchi's5 7

review in 1963, discussed the derivation of optimum amplitude and phase filters to

partially correct for defocusing and spherical aberration in systems with circular pupils.

A group at the University of Laval, has been studying the effect of apodisers in *he

zresence of aberration. Biswas and Boivin 58 nvestigated ootimum apodisers vhlcn were

ortained by maximizing the encircled energy in circular, aberration-free systems. Ther,

".e,, "neoretically 'nvestigated !he performance of :hese aoodisers ;n :he oreserce of

primary and secondary spherical aberrations. Analytic expressions for various important

oroper ties of tne diffracted fieid in the presence of apodisers and spnerical aberration

were presented, including amplitude point spread function, irradiance distribution,

frac',onal encircled energy, Strehl ratio, and the two-point resolution. The authors

-c h.at *!e 4se Zf :'-ese fiiters n :rcuiar aoe'r, ted systems aiso ncreasea :-.e

encircled energy These same authors also investigated the influence of primary r

-s*tgr-at!-n on *he ze formance of :hese octimum aoocisers59

%- -

~r
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Attacking the problem directly, Hazra et a160 found optimum apodisers which

maximize encircled energy in the presence of spherical aberration and defocus. To make

the filter manufacturing process easier, they designed optimum ladder-step apodisers

having a finite number of uniformly transmitting zones, each with a different

transmittance. They illustra:.. .;,e method with an example of an optimum 8-step

apodiser used with different amounts of defocus, primary, and secondary spherical

aberrations. They calculated the image irradiance distribution, encircled energy, and I

Strehl ratio. They predict that the performance of the system as measured by the

encircle'd energy will be improved.

The problem was approached in a slightly different manner by Yzuel and Calvo6 ..

They optimized the Strehl ratio by varying the amplitude and phase of filters, in the

circular pupil of an aberrated optical system- The optimization process was halted when

the Strehl ratio exceeded 0.8. The point spread function, MTF, and the irradiance

distribution along the axis were then computed. This method was shown, theoretically,

to improve both the Strehl ratio and the MTF. Mints and Prilepskii 62 also chose to

maximize the Strehi ratio using phase and amplitude filters. They considered a system

raving third-order soherical aberration ano found an apodisation which theoretically

imoroved the Strehl ratio.

A Polisn group searched for apodisers which minimized the second moment of the

.rradiance distr:bution Magiera et a163 did this, n the presence of four ordert of

spherical aberration by varying the coefficients of a polynomial describing the

transmittance of the apodiser This group, in a seoarate paper64 , then examined the

effects of their optimum filter on the second moment of the image irradiance

distribution in the presence of three orders of spherical aberrations. They showed

-,i.o

. . . . . . . .,. -o. .
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numerical results indicating the predicted improvement in performance. They also _

-" compared their filter to an optimum Bessel filter which was derived by Asakura and

Ueno 65 for the aberration-free case.

2.3.2.2 P. Coherent Optical Systems

Using the polynomial filter previously mentioned, Magiera and Pjuta66 derived

formulae for the amplitude impulse response, second moment of the point spread "

function, the two-point irradiance distribution in partially coherent light, the point

image contrast, and the equations which must be satisfied by the Sparrow and Rayleigh

resolution criteria in the presence of third, fifth, and seventh order spherical aberrations.

Gupta and Singh 67 have investigated the influence of primary astigmatism on the

irradiance distribution in the Fraunhofer diffraction patterns formed by an optical system

with a circular aperture under partially coherent illumination when the mutual

coherence function contains a spatially non-stationary quadratic phase term. Results are

presented which illustrate the degrading effects of various amounts of astigmatism and

the extent of improvement obtained when using a apodising filter

2.3.2.3 Coherent Optical Systems

Altnougn *,,ere have oeen no studies specifically addressing apoalsation inr

aberrated coherent imaging systems, portions of several of the studies previously

outlined have some relevance to the proposea research. In several cases>S7-8. 66, the

, imolitude impulse response was calculated. However, these studies did not address the .

imaging properties of the aberrated and apodised systems. Magiera and Pluta66 derived

a formula tor tre two-point irradiance clistribution in partially-coherent light. Taking the

* -fully coherent limit, the formula presented will provide a useful comparison for one of

1zk: :4.. i ,*l'* -f::-': . . .
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the results of the Chapter IV. Barakat 68 has calculated and plotted the images of edges, -

discs, and bars in the presence of defocus, coma, and spherical aberration. In aberrated

beam propagation systems, the effect of a truncated Gaussian apodisatvon has been A.

investigated by several researchers. Holmes et a169 have considered the effect of I

Gaussian as well as sinusoidal phase aberrations on Gaussian beams in the near and far

fields of an annular system. Lowenthal70.71 has examined the far-field diffraction

patterns for Gaussian beams with spherical aberrations; and has developed an

aberration tolerance criterion for Gaussian beams For these systems the apodisation was

due to the inherent nature of the laser beam

2.3.3 Previous Research Conclusions %

An extensive amount of work has been done using apodisation to improve the

performance of aberrated optical systems. Some authors have used filters obtained in

aberration-free studies while others have derived optimal filte:s assuming known

amounts of fixed aberration. Generally, such apodisers have improved performance, Out

in a few cases they have actually degraded perforrrarce

O summarize t.ne pubtsr.ec: research, most of tre 'esearc"e's ,-o -ae s ez -'

the effects of apodisation on aberrated systems have assumed the use of incoherent -

,ilumination. Those who studied coherent systems nave mostly concentratec on :he F

image of a single point source. They have been interested in measures of performance

such as the irradiance point spread function, encircled energy, and Strehl ratio. Only a

few have considered the image of two point oojects ,n partially coherent light. The issue I-I

of generalized imaging in apodised and aberrated coherent imaging systems has not

been addressed.

-['.5

-- 1_
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2.4 THE GAUSSIAN APODISER

The Gaussian apodiser is the only type of apodiser considered in this research.

Only one type of apodiser was used because most of the apodisers which were found to

be optimum for various other applications differ little from each other or from a

Gaussian. Additionally, the Gaussian was chosen because it has some intuitively pleasing

effects when used in a coherent optical imaging system.

The first consideration when chosing an apodiser is that it produce an amplitude

impulse response which is real and positive4 8. Many of the deleterious effects seen in

coherent imaging (edge ringing for example) occur because the amplitude impulse

response has negative regions. By contrast, an incoherent system has an impulse

response which is everywhere real and positive. This realization leads to the conclusion

that it would be appropriate to make the amplitude impulse response for the coherent

case also real and positive. The amplitude impulse response of a coherent imaging

system is proportional to the Fourier transform of the exit pupil The Fourier transform

of a Gaussian function is itself a Gaussian function. So a Gaussian apodiser in the exw

pupil will produce an amplitude impulse response which !s real and oositive. This .s not

strictly true because the Gaussian will always be truncated by the finite aperture of the

pxit pupil. However, if:he Gaussian is truncated far from its center, this statement wiii be

approximately true.

Some of the apodisation functions suggestea for use in conerent opticai systems

are shown in Fig. 2.6, where the amplitude transmittance is plotted versus the radius of

the aperture. The radius of each function has been scaled so that the truncation point

corresponds to a, the radius of the aperture being apodised. With the exception of the

Lukosz limit, the functions are all very similar.

. . .. . . .
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An important consideration when a real and positive amplitude impulse response

is desired was presented in a strict mathematical sense by Boas and KacS4 and later

independently from a signal-processing point of view by LukoszSS. They showed that

there is an upper limit on the value of a space-limited function if the function is to have

an everywhere positive Fourier transform. This limit is shown in Fig. 2.6.

The Gaussian was chosen for use in this research because, as well as producing a

real and positive amplitude impulse response and not differing significantly from many
•-~

of the apodisers which have been found useful, it has some nice effects on the system.

One effect is that the transform of a Gaussian is a Gaussian. Also, when a Gaussian is

used, the imaging system has some similarities to a laser propagation system. Both

effects aid the intuitive process when thinking about the effects of the apodiser on the

system

Ao I

VI

6lrr



b.

CHAPTER 3 THE AMPLITUDE IMPULSE RESPONSE -THEORY I

3.1 INTRODUCTION

The amplitude impulse response, as pointed out in the last chapter, is central to ,

the analysis of optical imaging systems. In such systems, the image amplitude can be

found by performing a convolution of the geometric image with the amplitude impulse

response. ..

The amplitude impulse response has been calculated for a simple system having

various combinations of aberrations and apodisations. The physical situation is depicted

in Fig. 3.1. A unit-amplitude plane-polarized coherent plane wavefront is incident on a

Xo Xi  "-'-

-. " a

coherent
illumination

I optical axis

apodiser

f

Fig.3.1 The diffraction geometry used in calculated the amplitude, impulse response.

test lens of radius a and focal length f. This is equivalent to an imaging system with a

point object at infinity. The Yo and y, axes which are perpendicular to both the x, and x.

axes resecively and to 'he ptical 3xiS are not nown -he 'ens n ;e-era' -as ""

aberrations and an apodiser could be adjacent to the lens. The (xo,y o ) plane is chosen to ""

be coincident with the lens.

; 41r
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in this case, (2.11) is used directly as

2n *..-

(31 1) dz%.*y

The field amplitude within the exit pupil is described by (2.7). Combining (2.7) and (2.1 1)

yields

u~~z~y8) =Y 0 ( .~A(z~ )( (3.2)

where the notation F( ) refers to the Fourier transform of the quantity within the

brackets, the spatial frequencies of the transform are f,, = x, IAf and fy = y, Af, and the

terms in front of the integral have been dropped. The term Umn(xojyo) in (2.7), is the

amplitude of the input wavefront, which in this case equals one.

The aberration term 0 (x0 ,y0 ) in the exponen~tof (3.2) can be expressed in terms of

the Seidel coefficients by describing the aberrated wavefront with the expression

k n /

P~(p) = 0 p~acos'O+b bsine8), (2.32)

where the coefficients a~j and bqL have units of wavelength and p has been normalized :o

unity at the edge of the aperture. This is the form of the aberration function assumed

Ather~ referring 'o the amount of aberration Present in a particular system. :

When calculations are performed however, the monomial form of the Zernike

polynomial

& I j

s used instead. 7his is because the Fourier transtorm operation noicatea ;n (3.2) *s

performed on the computer as a discrete fast Fourier transform an a regular rectangular

array
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The apodisation used throughout this dissertation is in terms of the real amplitude

transmittance. It has the form

A(r) - -3 (3.3a)

.

r2=2+. 2 (3.3b)

where the constant in the exponent was chosen so that the value of A(r) at the edge of

the aperture, r= 1, was equal to 0.050 (see Fig. 3.2). Thus there was very little amplitude

in the transmitted wavefront at the edge of the aperture. This should ajIow the

separation of the effects of the aberrations from the effects of the hard aperture.

. A VAX-I 1750 computer was used to compute (3.2) using a program written in
,..-

FORTRAN-77. The Fourier transform was accomplished by using a fast-Fourier

transform 73 subroutine from the IMSL 74 package. This program, labeled PSF.FOR, is I

documented in Appendix 1.

The quantity U,(x,y i) is, in general, complex Consequently, the output of the

orogram is in terms of real and imaginary coefficients. That is,

U~xy) mx~y)eP~hPy (3.4)r. ' '  ~Ut 'ty = a xi~~ +4Ziy =M rr j ,y,'x.:

where a(xi,y) and b(x,,yd are the just mentioned coefficients and m(x,,yd) and p(x.,y.) are

'-e iodulus and onase, respectiveiy, of U(x.,,).

Coherently illuminated systems are linear in comotex amplitude. However, if

measurernerits are to be made in an experiment, it is the irradiance .(x,,:) which is

,.- ..'.'-.r

::' " " " . ... . .. . . . .
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usually measured. The irradiance is related to the complex amplitude by

wher the i(x 1 -Y> U(xy)U(. 3 ) J U(Lyi) 2(3-5)

where the asterisk denotes the complex conjugate.

3.2 COMPARISONS WITH KNOWN RESULTS

A typical output of this program is displayed in Fig. 3.3. The system, in this case

was unaberrated and unapodised and the pupil function was a circular aperture. The

distance coordinates used in Fig. 3.3 , as well as in many other figures in the thesis, are

the canonical distance coordinates u and u. They are canonical in the sense that the

pattern displayed in these figures is independent of the exit pupil size, the wavelength of

illumination, and the distance from the exit pupil to the image plane. Specifically, these C--

new coordinates are defined by

2na 2na
u = x and ' (36) ".

where a is the radius of the exit pupil, X is the 'vavelength of the illumination, d, is the

I.,

distance from the exit pupil to the image plane, and xi and yi are the real coordinates in

the image plane.

A coherent optical system is linear in field ampiitude, which is a complex quantity.

So unlike an incoherent system, the phase in the optical field is critically important :n

determining the final image irradiance distribution. For this reason, the phase has been

caicuiatea for zne unaberrateO case in Fig. 3.3 and for many of the aberratea cases

considered later in this chapter.

The phase distribution in the amplitude impulse response of an unaberrated

system (see Fig. 3.3b) is uniform everywhere except along concentric circles where the

phase jumps discontinuously by an amount equal to 7t radians. These jumps occur at the

same spatial locations as do the zero values in the modulus distribution of Fig. 3.3a. This

implies that every other ring in the amplitude impulse response is composed of negative

... . . . . . .... * : .

*. 
.

. .** .*......

- ".-.-.

I-r--
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values. It is these negative regions which cause the ringing phenomena seen in the

=" image of an edge (see Fig. 1.2). Thus the knowledge of the phase distribution in the

amplitude impulse response is very important in determining the behavior of the system I
The irradiance distr; 'F this impulse response is shown in Fig. 3.3c, It is

obtained by squaring the . , distribution. Since the optical system in this case is

unaberrated and has a circular exit pupil, it is expected that the irradiance distribution

would approximate an Airy 7 pattern A careful comparison of Fig. 3.3c with a theoretical -

Airy distribution reveals the error between the two patterns to be less than 1%. This

error arises mainly from the problem of inadequately representing a circular aperture

with a rectangular array of samples. Nevertheless, this agreement is quite close and thus

lends credibility to the theoretical development and the computer program used to

realize that development. 7]
The program gains additional credibility when the irradiance patterns in the

presence of simple aberrations are compared to similar results in the literature. Fig. 3.4

displays the theoretical irradiance impulse responses for two optical systems with

cifferent amounts of aberrations. The impulse response in Fig. 3.4a 's from an optical

system having 0.48 waves of coma; i.e.. (b p, 0) = 0.48Xp 3cosO The auantity X refers to

the wavelength of the coherent illumination The -ina strucure has been distorted by

the presence of the aberration such that the ring has been flattened on one side of the

centrai lobe and heightened on the oooosite side. In Fig. 3.4b :he aberration in the " A
system is 0.16 waves of astigmatism (4 Cp,e) =0. 16Xp2cos 2 9). These particular

aoerration values were chosen because another author (Nijboer 75. 6) has calculated

t'rKar -esults .ina these values. Nijboer's results are eoroduced n Fig. 3.5 Nhere t'he

plots show the irradiance distribution for (a) 0.48 wave of coma and (b) 0.16 waves of

ast;gmatism.

S -. ,• - ~., -° - • - %...AI. .... A ~~
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,STREH RATIO 0.885

1- ~STREHL RATIO : 0.85.;

Fig.3.4 The irradiance impulse response through a coherent. unapodised. circularly

symmetric optical system having (a) 0.48 waves of coma, and (b) 0.16 waves of
astigmatism The unlabeled axes are canonical distance coordinates. Both olots
have the same distance scales.
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- STREHL RATIO =0.879
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STREH RATI 0.84
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These plots display the irradiance impulse responses in terms of the contours of equal

irradiance. The presentation formats for Figs. 3.4 and 3.5 differ but the qualitative

agreement is good. The comatic patterns both show a disappearance of the first ring on

one side of the central lobe and an enhancement of that rin . opposite side; and

the astigmatic patterns both show a distinct four-lobed character in the first ring. As a

quantitative measure, the Strehl ratio was computed for the two cases and compared to
I.

Nijboer's results. The Strehl ratio for each plot of the two figures is shown beside the

plot. The agreement here is very good.

Similar comparisons were made for other amounts of aberrations. In each case the

qualitative agreement between the model developed here and the data published by

other authors was quite good. The quantitative agreement was typically on the order of

1%. L

3.3 THE EFFECT OF ABERRATIONS ON THE IMPULSE RESPONSE

3.3.1 Defocus

The aberration of defocus has the functional form 0(p, e) = a21  , where tte

coefficient a2l is the amount of aberration. The subscripted numbers 2 and 1 come from

columns 2 and 3 respectively of Table 2.1. Defocus is the simplest type of aberratioi, -i

:nat trie real wavefront differs from the sphericai reference wavefront only in its racius

of curvature. A calculation of the amplitude impulse resoonse for the case when a,, =

0.5 X yielcs the results snown in Fig. 3.6. In this figure the top two plots show the

modulus and phase of the amplitude impulse when the exit pupil of the optical system

has a uniform transmittance, i.e., there is no apod,sation. For ready comparison, the

amplitude impulse response (modulus and phase) for the same system with a Gaussian

apodiser is shown in the bottom two plots of this same figure.

IFn

r

~L
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Fig.3.6 The amplitude imoulse response (modulus and phase) in the oresence of O.SA
detocus asic: 'or the case of an unapodised and GZaussian apoc3ised aperture. 7he

* top two plots are for the uflapodised case while the bottom two are for the case
of a Gaussian apodiser. The vertical scales for the modulus plots (left hand
column) and the phase plots (right hand column) are indicated by the top two
picots. 7his same scaling is used In Figs3 ,3 ana 3 'S.
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s2 -'I:

The modulus and phase of the unapodised amplitude impulse response (top'two

plots) should be compared to the analogous plots of Fig. 3.3 where there are no

aberrations in the system. The peak value of the modulus in the aberrated case has

decreased relative to the unaberrated case. The zero values in the modulus pattern for

the unaberrated case have evolved to relative minimums which do not go to zero. The

phase of the aberrated amplitude impulse response (upper right plot of Fig. 3.6) no

longer has the discontinuities evident in the unaberrated case.

When the apodiser described by (3.3) and plotted in Fig. 3.2 is applied to this

abe;rated system, the modulus of the amplitude impulse response (lower left plot of Fig.

3 6) is considerably smoothed, as is the phase. The phase varies by less than Tr radians

over the region of the modulus plot where the modulus is greater than 10% of its peak

value. So this amplitude impulse response does not change sign until the absolute value

of the amplitude is quite small. Thus the impulse response is almost real and positive.

This has important implications for the imaging performance of this optical

system. For instance, the ringing in the coherent image of an edge is caused by the

" negative regions of the impulse response. In this case the apodiser has smoothed *he

amDitude impulseresponse such that it has very little amplitude in the regions where

,here are necative values of amolitude. it can be exoected then, that the image of an

edge througn this system would be free from nnging. The results in the next chapter --"

D- r rm -its exoec'ation

The ampittude imoulse response, both unapodised and apodised, for other values

of defocus are shown in Fig 3.7. Here the amount of aberration is different for each

!i"s f olots. ;ar,.,ig from 0.1 X on the left to 1.0 k on the right. From "-ese olots we

can see the evolution of the modulus and phase as more defocus is added to the system.

".'" . ' -
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AMPLITUDE IMPULSE
RESPONSE
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z
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DEFOCUS

Fig.3.7 The amplitude impulse response (modulus and phase) with varying amounts of
defocus for the case of an unapodised and Gaussian apodised exit pupil. The
3mnount of aberration for each~ colurrn is indic3ted 3t the bcottom of that column'
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The modulus and phase along slices through the center of some of these impulse F

responses are shown in Fig. 3.8. The relationship of phase to modulus is clearly seen in

this figure. t .

Apodisation, in each case of the last three figures, smoothes both the modulus and

phase. In each case, the amplitude impulse response becomes almost real and positive

when the apodiser is applied. There are, however, limits to this process. As the amount

of aberration increases the apodiser becomes less effective in making the amplitude .

impulse response almost real and positive. For the case of one wave of defocus, it

appears that the phase changes by more than 7r radians over the region where the ..

modulus is still relatively large.

3.3.2 Spherical Aberration

The aberration of spherical has the functional form 0 C p, 9) = a42p4. Spherical is a

radially symmetric aberration. Due to its fourth power dependence on the radial

distance parameter p, spherical aberration describes a wavefront having the largest "

deviation from the spherical reference wavefront of any of the aberrations considered

here A calculation of the impulse response (modulus and phase when a42 : 0.5 X s

shown in Fig. 3.9. The top two plots (the unapodised case) should be compared to the

-iraberated ,moulse resoonse of Fig. 3.3 -he presence of soherical aberration causes a

decrease in the value of the central peak (Strehl ratio) and an increase in the energy in

the side lobes, oarticuiarly the first side iobe. The position of the ring of minimum values

between the central lobe and the first side lobe remains unchanged. -

The impulse response when an apodiser is used is shown in the bottom two plots

of rig. 3.9. The aoodiser used ;s the one desc,-bed bv (3.3) and plotted ;n Cig. 3.2. As :n

the case of defocus, the use of the apodiser has resulted in a much smoother impulse -"r-_
resoonse An examination of the phase distr, button shows that the ohase s nearlv

r
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Fig.-9 he mpliudeimplse espnse(modlusandphas) i th preenc ofO1S

sp. heri aiueraimpln adfresponssemoulu aie and phs) anth urseinc ao Osed

aprure. The top two plots are for the unapocised case whiie re Dottom zwo
are for the case of a Gaussian aoodiser. See Fig. 3.6 for the staling.
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Fig. 3. 10 The amplitude impulse response (modulus and phase) with varying amounts
of spherical aberration for the case of an unapodised and Gaussian apodised
exit pupil. The amount of aberration for each column is indicated at the
bottom of that column.
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uniform over the region of the impulse response having significant amounts of energy.

* This impulse response can also be described as being almost real and positive.

The evolution of the unapodised and apodised amplitude impulse responses as

more spherical aberration is added to the system is shown in Fig. 3.10. Central slices

through some of these plots are shown in Fig. 3.11. The same general phenomena seen

in the case of defocus are seen here as well. The use of the apodiser results in an impulse

response which is free from side lobes in the modulus pattern and which has a relatively

flat phase over the region where there is a significant amount of energy.

Again there are limits to this process. When the amount of spherical aberration is..

about one wave, the impulse response has significant amounts of energy in regions

* where the phase has changed by X/2. So the apodiser is not totally effective, although

the apodised impulse response is still much smoother than the unapodised one.

3.3.3 Coma

The aberration of coma can be described by i(Dp,) 9 a31P cosO. Coma is the

first aberration considered for which the wavefront in the exit pupil depends on the

polar angle e as well as the radial distance p- This aberration therefore produces an

unsymmetrical amplitude impulse response as seen in Fig. 3.12. rhe use of the apodiser

*n this case appears to be less effective than In the orevious cases, because the first side

oue is still evident in the modulus of the apodised impulse response (lower left plot of

i 9 .2), Also , there is a ~t ohase change In :rie region of *his first ide lobe.

rhe evolution of these impulse responses with increasing amounts of aberration is

snown in Fig. 3.13. Central slices of some of these data are shown in Fig. 3.14. The slices

are 3lono the axis showing the minimum 3mount -f Iwmmetrv. The same aerneral

conclusions that were drawn for the cases of defocus and spherical aberration can be

drawn for this rase as well. First, the ao~odiser 's effecive In transforming -he 3berrated

fr

* .. .. -. *
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AMPLITUDE IMPULSE

0
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0. ~ Y COMA

Fig.3.13 The amplitude impulse response (modulus and phase) with varying amounts
of y coma for the case of an unapodised and Gaussian apodised exit pupil
The amount of aberration for each column is indicated at the bottom of that
column..
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impulse response into a much smoother function. Second, there are limits to the

effectiveness of the apodiser. The limit in this case appears at a lower value of aberration

than in the other cases. For as little as half a wavelength there is a I phase change in a

region of the impulse response where 4","-ulus shows a side lobe.

3.3.4 Astigmatism

The aberration of astigmatism is described by 0 ( p , e) = a20p 2cos2e. Like coma,

astigmatism is an unsymmetric aberration. The appearance of the unapodised and AL

apodised impulse responses when a20 = 0.5X is shown in Fig. 3.15. Both phase plots

show a saddle shaoe which is characteristic of astigmatism. Astigmatism results in a

wavefront which has different radii of curvature along two orthogonal directions in the IL

plane of the exit pupil. This behavior is evident also in the focal plane as seen in Fig.

3.15.

The effect of apodisation is to smooth both the amplitude and phase of the

impulse response. This behavior holds as the amount of aberration is increased from 0.1

X to 1.0 X, as seen in Figs. 3.16 and 3.17. The general shapes of functions in Fig. 317

differ little from the analogous plot for the case of defocus (Fig. 3.8). This is because, in

one dimension, astigmatism results in a wavefront which is spherical but having a radius

of curvature different from the reference wavefront.

The same conclusions as before can be drawn. That is, the apodiser smooths the

aberrated 1moulse response for a limited amount :)f aberration. 7he !imit in his case

appears to be about one wavelength.

16
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O* ASTIGMATISM

Fig.3u16 The amplitude impulse response (modulus and phase) with varying amounts
of 00 astigmatism for the case of an unapodised and Gaussian apodised exit
pupil. The amount of aberration for each column is indicated at the bottom

3T ,hat column.
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3.3.5 On-axis Calculations

A common feature in all of the impulse data is that the addition of aberrations to

an unaberrated optical system always results in a decrease in the peak value of the

central lobe of the modulus. This behavior is plotted in Fig. 3.18 for various values of the

four aberrations and the two cases of apodisation. The peak values have been

normalized to unity for the unaberrated system. From this plot, it can be seen that the -

peak value of modulus occurs when there are no aberrations. The addition of any *-.

amount of the four aberrations to an unaberrated system results in a decrease in the -

peak value. Notice that in the case of defocus, the central peak completely disappears -

for D = 1.0 wave. This is a so-called fringe of defocus.

Figure 3.19 shows the behavior of the central value of irradiance as the same

aberrations were added. Fig. 3.19 can'be obtained by squaring each value in Fig. 3.18.

When the irradiance is used as is Fig. 3.19, the plots could also be labeled as the Strehl

ratio. Note that the use of the apodiser immediately decreases the Strehl ratio by a

factor of 10 for the unaberrated case.

The last figure in this chaoter, Fg 3 20, shows the benavior of the phase at the

central peak of the impulse resoonse as a " nc::on of :ne amount of aterration (1) anr"o

aoodisation present. For most of the aberr3t:ons tre ohase is re!atively unchanged as

aberrations are added. For the case of defocus, however, there is a Tr phase jump in the

unapodised case. The iocation of this jurnt corresDonas to tne iocation of the zero in :he

modulus of the unaberrated impulse response. This is consistent with the earlier '

observation that zeros in the modulus aisrioution of an unaberrated amplitude impuise .'

es;,one 3r. .3ccomrotne !-v r is. -*1

".-'.
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3.4 Impulse Response Conclusions ,

In this chapter the form of the impulse response has been determined for various

amounts of defocus, spherical, coma, and astigmatism and for two cases of apodisation.

The two cases were no apodisation and the Gaussian apodiser described by (3.3). Since

coherent optical systems are linear in the complex field amplitude, the impulse response

was displayed in terms of both its modulus and phase.

It was seen that, in the absence of the apodiser, the addition of an aberration

significantly modified the form of the impulse response. However, when the apodiser

was in place, the form of the impulse response did not vary much as an aberration was

increased; the modulus, for the most part, smoothly fell from its peak value to zero and

the phase was relatively flat over the region where there was a significant amount of

modulus.

The apodiser was effective in removing the *feet' of the aberrated impulse

response within certain limits. Those limits were approximately 1.0 wave for defocus,

spherical, and astigmatism and 0.5 waves for coma. The implication is that within these

limits the apodiser will improve certain aspects of the performance in a coherent imagng

system; e.g., removing the ecge ringing. Even beyond these limits the performance

should be improved; for example, the edge ringing should be greatly diminished if not

eliminated.

V A

,?A.

"::-i
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CHAPTER 4 IMAGING SYSTEMS ANALYSIS - THEORY

The effect of apodisation on the performance of aberrated coherent optical ,

systems has been theoretically investigated. The objects considered in this analysis were

an edge, a slit, and two closely spaced points; and the performance of the optical system

was measured against criteria which were specific for each of these test objects. The

performance predictions detailed below are based on the theory described in Chapter 2.

Experimental verification of key parts of the theory are contained in Chapter S.

The optical system was modeled as shown in Fig. 2.2 which, for convenience, is

reproduced here and labeled as Fig. 4.1. Under the conditions detailed in Section 2.1.2,

X0  Xi

Pi "

-- Po Pi .

pa.p

optical

"N axis

optical "

T entrance GaussianT
reference 

-object pupil sphere S image
plane puil plane.'.' pupil "

:-g. 4 1 The geometry of a centered ornicai ystem Wnich gives rise to an aoerrated
wavefront W. The aberration function b is In terms of the distance QQ" between
W 3nd the reference sohere S.

the optical field in the image plane U,.:,, s related to *he opticai field in the object

-_ar-e IJ(,y,: ' ' by trYe '2.9)"

U.,kY) FIk(rg)F- u ( )a (228)

4 wnere F( } and F-( represent, respectively, the forward and inverse Fourier transforms

72



,. L r v.-- "F7 
T L - g* " B'. iF

73.

of the quantities within the brackets and k(fg) is the scaled exit pupil transmittance.

Equation (2.28) will be the basis for the predicted results within this chapter.

The results are plotted in terms of both the image irradiance and the square root of

image irradiance. As stated before, the square root of irradiance is a good measure of an

image because the nonlinearity of the detection process is removed. However the usual

presentation seen in the literature is in terms of the irradiance. Thus, both scales are used

in this chapter.

4.1 EDGE OBJECTS

An edge in the object (x,y) plane can be described by E-

f\/~ I if y Sof o 0 (4.1)"- - -
e oy step -Y) to otherwise * (4.1)

where the edge has been aligned to be coincident with the xo axis.

The inverse Fourier transform of (4. 1) is given by77

o-(xy) 5 n ) 5(r) (42)
ing

where 8 is the Dirac delta function and fand g are the spatial frequency coordinates in

the plane of the exit pupil:

kfo ~x" f.,o

The coordinates (,) refer to the space coordinates -n the exit pupil plane anc f, is the

distance from the object plane to the entrance pupil

Combining (4.1)- (4.3) into (2.28) results in the optical field

'I 0 f \ ,, n 
\ 

k ~ l  " "
U't", = 7* n lt r, i,-n ii ""-..-.

where the problem has been reduced to one dimension because of the 8(J) term in (4.2).

2:7
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The term k(l) describes the exit pupil transmittance in a manner analogous to (2.7); i.e., r
=(4.'

where A(n) and c(r) represent the amplitude and phase transmittance, respectively, of

the exit pupil along the line = 0 and B(r1) represents the finite extent of the exit pupil

along that same line.

The calculation of (4.4) for various values of aberration and apodisation was

accomplished using the University of Rochester Computer Center's DEC 10 computer.

The program controlling these calculations was written in FORTRAN and employed a FFT

routine from the IMSL 74 library. A documented copy of the program, labeled EDGE.FOR,

is in Appendix 1. The program is a simple modification of the program PSF.FOR which

was used in Chapter 3. The output of the program is in terms of the irradiance of the

image which is proportional to the product of (4.4) times its complex conjugate. The

square root of the irradiance is also a program output.
4. i6

Typical results from this program are depicted in Figs. 4.2 through 4.4. These

"igures display both the irradiance and the square root of the irradiance of a

pe'endicuiar slice through the mage of an edge when the optical system has various

amounts (00, 0.5, and 1.0 waves) of clefocus, y-axis coma, or spherical aberration

Se~arate :lots oT :he ef-ects of astigmatism are not snown because in one dimension

astigmatism has the same functional form as defocus. The top plots in each figure are for

an unapodised optical system, while the bottom plots are for a system with a Gaussian

apodiser having an amplitude transmittance of I

2
n

In each plot, the ordinate is in terms of the relative irradiance (or square root of "_,

irradiance) and the abscissa is in terms of the normalized distance u. For reference, the

r "

' . % , ° °o . • ° °• °°, ° . 4 .o . 4 . . °. , . . , 0, . . ° , . - . . . . .°•.. .°
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position of the geometrically imaged edge is included on each plot as a line of short

dashes.

For the apodiser used here, the amplitude transmittance has a value of 0.05 at a 0

distance from the center of r1 = 1.0. The hard aperture also has a radius of q - 1.0.

Because the Gaussian apodiser is truncated at a very low value, the discontinuity in

transmittance at the edge of the aperture is almost removed. A plot of the apodiser

described by (4.6) is shown in Fig. 3.3.

The measures of importance when evaluating coherent edge images are edge-

ringing, edge-shifting, and acutance. .

4.1.1 Edge Ringing

Edge ringing is the periodic deviation of the edge image from the geometrically

ideal edge image. This phenomena is most pronounced in the top plots of Fig. 4.2. It can

be quantified42 in terms of the ratio of the maximum positive deviation to the geometric

exoected value of unity. This ratio for various values of the three aberrations considered

is snown in Fig. 4 5 (a-c). From these plots it is clear that the use of apodisation wNiii

reduce the edge-ringing effect, especially for the case of coma shown. This beravior of

an aoodised system is well known in the case of aberration-free systems. It is now

acoaren. mriat apodisation will reduce edge ringing even in the presence OT aoerrations.

This result is not surprising because the impulse resoonse of the system has beer'

significantly smoothed, as seen in Chapter 3. Essentially, the apodiser acts as a we'gnting

'unction in the exit oupil It deemphasizes. oy attenuat;on, the regions of 'he exit cup;,

near the edge of the aperture. It is in these same regions when aberrations are present,

that the phase of the wavefront deviates most from the ideal shape of the spherical

reference sphere. The effect of using the square root of the image irradiance is
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also illustrated in this figure. As expected, the amount of edge ringing is reduced in

these cases. Although, as a consequence of taking the square root of the irradiance, the

ringing on the dark side of the edge has increased.

4.1.2 Edge Shift

The edge shift is the distance from the theoretical position of the geometric edge

to the edge defined by the real image. The location of the imaged edge is defined here

as the position where the irradiance is half the value of the first peak. The dependence

of edge shift on the amount and type of aberration as well as the presence or absence of

apodisation is illustrated in Fig. 4.6 (a - c). As seen in this figure, the edge shift is not a

strong function of tre presence or absence of the apodiser. In general, the application of

the apodiser increases the amount of edge shift. However, in the case of y-axis coma, the

edge shift is reduced when the apodiser is used.

The amount of edge shift is a function of how the edge is defined. A common

choice (one not made here however) for the location of the edge is the point where the

,rraciance is equal to 05, when the value of 'he irradiance far from the edge on the

illuminated side is equal !o 1.0. If this choice is made and the square root of the

irradiance is taken then there will be no edge shift for the aberrations which are

symmetric aoout the optical axis, e.g., astigmatism, aefocus, and spherical. The presence

of coma will still cause the edge to shift(see Fig. 4.3). The problem with this choice is that

experimentally it is often difficult if not impossible to determine the value of the the

br:gn! side of the edge at a great enougn dist3nce forn -'e edge. ,he presence of noise

and other edges ;n *he system very often precludes this.

It is for these reasons that the edge is defined here as the point where the ...

irradiance is half of the value of the irradiance at the maximum of the peak closest to the

'- - . ,..; .-L i.. - .- _, _, - , ....t ..- .__ - A. S .J_. ._ ._._ " ,. .a,'- - -, *rb . . .--JL -... ... . i= . .. "-=' . ." =
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edge. The edge is similarly defined when the square root of the irradiance is considered.

The advantage of this definition of the edge is that it is always possible to find the first

peak. I,

4.1.3 Edge Acutance

Acutance is a measure of the the slope of the edge. Specifically, as a definition,

acutance is defined here as the slope of the irradiance (or square root of irradiance) at

the location of the edge. The behavior of the acutance as a function of the amount and

type of aberration as well as the presence or absence of apodisation is shown in Fig. 4.7 (a

- c). In each case, acutance decreases with both an increase of the amount of aberration

and the application of apodisation.

Using the square root of the irradiance distribution seems to have some

advantages in the analysis of edge objects. Relative to the use of the irradiance

distribution, the edge ringing and shift are reduced and the acutance is not affected

s,inficant!y The edge shift should approach zero if it is possible to find the imiting

Sale o .rradiance (or square root of irradiance) on the bright side of the edge 'mage,

except for axially unsymmetric aberrations ike coma. The major disaavantage o? using

the square root is that the apparent ringing on the dark side of the edge image is

ennanced.

Overall, it can be concluded that apodisation is effective in :moroving the

performance of an aoerrated coherent optical system for edge objects. Specifically, eage

;rirng is grea'ly reduced, while the edge ,s not significantly snifted ,elatve to "h'e

unaoodised situation The major drawbacls of aoodisation are *hat he total flux n "-e-"

image plane is reduced, as is the acutance of the edge.

r
- " .
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4.2 SLIT OBJECTS

Aslit in the object plane can bedsrbdb

I b*.=~(!0 ' desrie bys

where a is the half-width of the slit. Following (2.28), the inverse Fourier transform of

(4 7) is first obtained, then multiplied by the scaled exit pupil function (4.5), and finally,

Fourier-transformed to yield the amplitude of the coherent image. The Image irradiance

is then found as the product of the amplitude times its complex conjugate.

A program called SLIT.FOR was written In FORTRAN on the DEC10 computer of the

University of Rochester. An annotated copy of this program is contained in Appendix 1.

Typical results are shown in Figs. 4.8 through 4.13. Figures 4.8, 4.10, and 4.12

display the irradiance of a slice through the image of a slit when the optical system has

various amounts (0 0, 0.5, and 1 .0 waves) of defocus, y-axis coma, or spherical aberration

Figures A 9. 4 ',ana 4 13 give the samne inform-ation, resoectively. in terms of the scuare .-

root of the -mage !rradiance Once agair. separate plots of astigmatism are not shown a

beCause, in one oimension, astigmatism hias *me same functional form as defocus. The

.00 oict in each ';qire -s ;:r an inaaactsed notical systern. while the bottom olot s for a

system having a Gaussian apodiser with an amplitude transmittance described by (4.6).

~~ J:) i rte s .n ofrm g, e rei.at:ve -rracance and the abscissa sn terms

-- e -'o'-a z: :-s-,ace For ree~ece, :he oos:ior of the geometricailIy-i maged slit

23s a ne of smrr

As -a! oe ee- -ror :r'ese ;igures, -:re m-age OT a siit, ike 1he image of an.. ecge,

exhibits the phenomenon of edge ringing. Since a slit is composed of two edges, this Is2

,,av>..~~~ ~~ .a~ .~':. 
* 

. . . . . . . .
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not surprising. Also the individual location of each edge in the slit image shifts as a

function of the amount of aberration. Likewise, the acutance of each edge varies with

the amount of aberration.

The effect of apodisation on the image of a slit is also similar to the case of the I.

edge. The edge ringing is reduced, the edge shift is not affected much, and the actuance

is decreased when an apodiser is used.

The only difference between a single edge in a slit image and an isolated edge is

the effect of the presence of the second edge. Depending on the width of the slit

relative to the width of the impulse response, this effect can be large or small. In the case

ilustrated here the effect is small. For examples of smaller slits, refer to the experimental

results section of Chapter 5, Figs. 5.18 through 5.23.

For the image of a slit, there are two other important measures of performance:

the width of the slit image and the translation of the slit image as a whole.

The width of the slit image is defined as the separation of the two individual edges

of the slit image (images here were in terms of irradiance). The behavior of the width of

the irraciance of the slit image, both with ano without apodisation, is shown in Fig. 4.14 .

(a - c) for the three different aberrations. The image of the slit ideally would have a

width of 80 in units of tne dimensionless variable t. it can be seen from this figure that in

31 -ases :he -neasured width is ess trhan ,ieai Aadltionviv. the ,viath of the :;:, imaae-

decreases as the amount of aberration increases If the width were calculated from the

image in terms of the square oot of image irradiance, tne width in all cases wouiC be

jery d!ose to ,e e., oecied 'alue.

r
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With the application of the Gaussian apodiser, the width of the slit image will also OF

decrease with increasing amounts of aberration. However, for the cases of spherical

aberration, defocus, and astigmatism, the presence of the apodiser results in more

accurate width when the amount of aberration exceeds about one wave. For the case of LK

y-axis coma, the presence of the apodiser doesn't affect the width of the image

significantly.

The position of the slit image in the image plane, besides being a function of the

system's transverse magnification, depends on the type and magnitude of aberration

present. An examination of Figs. 4.9, 4.11, and 4.13 confirms that for the symmetric

aberrations (defocus, astigmatism, and soherical) the position of the slit is correct (square.

root of irradiance considered); while for the unsymmetric aberration of coma the center

of the slit image is a function of the amount of aberration present. This is in agreement

with the definition of coma; i.e., the aberration of coma is a variation of transverse

magnification with radial zone of the exit pupil.

As in !he case of an edge, the use of apodisation is beneficial when imag~ng-K.4

:rougn an oottcai system which has third-order aberrations. The amount o: edge- '

ringing is reduced and the width is not greatly affected when the apodiser is applied. As

eTore, :he arawoacKS are 3 ;oss of ;otai "lux znrougn :ne .mage piane and a decrease n

-,he acutance of the edges.

V° .
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4.3 TW-ON OBJECTS

'I. Two-point sources in the object plant can be described by

* where 8 is the Dirac delta function and b is the displacement of each point source from

the optical axis. Once again, (2.28) is employed. The inverse Fourier transform of (4.8) i

F- t (.x..)) )~2cos (2nb&) (4.9)__

where g =nIXf. The image field amplitude is then, according to (2.28),

U Xy)=Fk()2 Cos( .4IC

A program labeled TPNT FOR, which is a derivation of PSF.FOR, was used To

calculate the irradiarnce distribution associated with (4.10). An annotated copy of

TPNT. FOR is in Appendix 1. :
Typical results from this program are displayed in Figs. 4.15 and 4.16. These figures .

disolay the tirradiarnce distribution of the coherent image of two point sources through

ar, inaoerratedc cp-ical system In each figure the two points are separated by (a) 2r,

2-C, (b) 2b 30, and (c) )b =40. Zig. 4 S5 shows the resuits 4vnen', he system s

unapooised ano Fig. 4.16 shows the resuits vhen the system 'has tr'e Gaussian apoaiser of

In the top plot of each figure the two points are unresolved, whiie for greater

se~arations in tMe otner pioits, they are resoivec Comnparing the micle piots of u-ie two

'igures it can be seen that the I mit of resolution, by the Sparrow !mit of resolution !s i
greater for the unapodised case and than for the apodised case. It follows that the

apodisea case should have a larger Sparrow iimit at resolution because the apociseo .

impulse response is wider than the unapodised one. The limit of resolution by the

5.%



% a6

Fig4. S Theiradinc ditriuton n he mae o to pintsorce sparte inth

obet lneb ()2ba2. b 2 3) ad(c ba 0 Teopialsstmi

unabrraed nd napoise. Te vrticl aes re cale inthesam

relative~~~~~~~~ ~ ~ ~ ~ ~ ~ ~ unit ofirdacwie!ehrzna xsaesae h a-

reaiv niso dmnsolssdstnecorints



96
I'.,

aL

Fig.4. 16 The irradiance distribution in the image of two point sources separated in the
object plane by (a) 2b = 20, (b) 2b a 30), and (c) 2b 3 40. The optical system is
unaberrated and has a Gaussian apodiser. The vertical axes are scaled in the2 same relative -inits of irradiance, while the horizontai axes are scaiea in trie.
same relative units of dimensionless distance coordinates.

:. **2I
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,I.o

Sparrow criterion is charted in Fig. 4.17 for the third-order aberrations and defocus both

with and without a Gaussian apodiser. Data points are not included for higher amount

of y-axis coma and defocus because the point image is not sharply peaked (see Chapter 3)

at these higher values.

In the image of two points, the centers of the point images are not necessarily in

the geometrically predicted locations. The difference between their actual separation

ana their predicted separation is the mensuration error. The mensuration error for the _

unaberrated case is shown in Fig. 4.18, where for the solid curve no apodiser was used

and for the dashed curve the Gaussian apodiser was used. The abscissa of the plot is the

expected separation of the two points based on geometric considerations. The scale is in

terms of the canoical coordinate u. The ordinate is in terms of the mensuration error

which is the difference between the geometrically expected and the measured

._ separations. At low values of image plane separation the points are unresolved,, as in Fig.

4 1Sa; so that the mensuration error is equal to the expected separation. At the point

where the curves star, to turn up, the points are just resolvable by the Sparrow criterion

The mensuration error then oscillates about the zero value before damping to the

steady-state vaiue of zero, It can be seen that the use of apodisation decreases :ne

mensuration error in the regime where the points are well-resolved. However, tle limit

of resolution has been degraded.

It can be 3rgued that the better resolution in the unarodised case s -ot

Ceaningful. 'his s because the mensuration error is much greater for the jrapodseJ

case So even though the resolution of two closely-spaced Doints ;s bet*.er in the

unapodised case, the apparent position of the two points is more likely to be in error

As an example of what happens when aberrations are present, Fig. 4.19 shows the

9r
mensuration error when the optical system has 0.5 waves of third-order spherical

- ~l.. -.
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IFig,4 18 The mensuration error for a coherent optical system having no aberrations.
The solid curve is for the unapodised case while the dashed curve is for the
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aberration. Both cases of apodisation are shown; the two sets of curves of Figs. 4. 18 and

4.19 are nearly identical. This lack of difference is because the effect of small amounts of

spherical aberration on the amplitude impulse response is to transfer energy from the

central lobe to the first side lobe while leaving the position of the first dark ring

unchanged (see for instance Fig. 3.15). In this case, the aberration in the otical system

has not affected the general shape of the curves very much. However, a, isation has

the same general effect as in Fig. 1.14. It decreases the mensuration .or wh ere the

points are resolved, but degrades the limit of resolution.

4.4 IMAGING THEORY CONCLUSIONS

The utility of apodlisation in improving the imaging per'formnance of an aberratec:

coherent optical system has been investigated. The imaging performance has been

evaluated in terms of the properties of the images of simple objects.

The image of an edge was evaluated n terms of the edge rging, sp.f'. arc

acujtance in general, as the amount of a partic.:ar aber'atior, 'Ce3ae:: *-e e:::e

,:ng~rng ncrease, . the edge shirt increasea, anci tne edge ac.!.ance .ec-e.3se: 9?

.3podiser was veri effective in decreasing the amount oi eage ringing ri :ne acier-azec

-rage )f an ed ge 7-e -inging ,ou'a .oe s.cessei ":-cwt-.e,..

optical system was free from aberrations.

-he evaiuation criteria for tine mage o, a s:t .vere -ng,. D~ r, 'e e'zges

of the slit, !he aoarent width of the slit. anc tne amour, .,,e t.~acze3'ec -c : e s--ec

The ringing oenavior of the edges in the slit was quite simar to !he ringing r, t'e srge

eage. r'is .s -:o ce expecteo since ne edge separation in :ne iit cors~ce'ec s -

larger than the period of the ringing. The width is a function of the individual shifts ofr

ne:,vo ecges. 7he ocation of thne siti image is correct *or *ne ;ymnmetirca. acierrat,ors

%V
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and 'is shifted for the unsymmetrical ones like coma. The effect of the apodiser is very IF

$ similar to the effect seen in the case of the edge.

When the image of two closely-spaced points is evaluated, the important 4
parameter is the mensuration error. The mensuration error for an unaberrated system is

an oscillatory function which decreases to zero as the point objects are separated in the

object space. The addition of spherical aberration to the system did not significantly

affect this behavior The apodiser was quite effective in damping the oscillatory nature

of the mensuration error The resolution limit however suffered as a consequence.

it was not intended that this chapter contain an exhaustivi catalog of theoretical

'esilts The interntion was to present enough data to gain an understanding of the

physical processes It was not known previously that apodisation would be as effective in

mproving the performance of aberrated systems as it was in improving unaberrated

ones Now however, in light of the model developed and the results presented, it can be1

Corc C.ded !hat the apodiser is effective in improving the imaging performance of

1Z-- Te Cnree' oc:ical systems. The reason for this is that the apodiser attenuates bV

), * or nose 'eg ons o4 *he exit pupii where the abe'rations most affect mne ohase of

-Pa' ?Oe ,vavetcnt

'he 'esults oresented here were genierated from a theoretical model whichi has

-a,, ass.riptiors and: approximations Therefore, -he model which generateo -m em

-e *o ne estc .cp-re-talv before Plev C fl ne auv cceptea



CHAPTER 5 EXPERIMENTS

The purpose of conducting these experiments was to test the theory developed in

Chapter 2 and applied in Chapters 3 and 4. The experimental setup and the data

acquisition procedure is fully described below before the results are given. The results

are given in two separate sections which parallel the subject matter of Chapters 3 and 4.

That is. the data sections deal separately with the impulse response and the imaging of

simple objects.

5.1 EXPERIMENTAL DESIGN AND DATA ACQUISITION

The basic experimental configuration is shown in Fig. 5.1. This configuration was

designed to measure the irradiance impulse response of the optical system formed by

lens LI, the apodiser, the iris, and lens L2. Simple modifications of this setup made it

possible to measure the image irradiance distribution of simple objects. The

soecifications of the equioment used In these cnfigurations are in Taole 5 "

5.1.1 The Impulse Response Configuration

in the basic optical system of Fa. 5 . conerert ilumina.ior, originated from a C5

-W, inearny poiarzed HeNe laser. Te a3er te3rm -vas n :he owest orcer t'ansverse

-node (TEM,,) and in, at most, three 'ongitudiral modes with a center wavelength of

0 6328 microns. The beam had a diameter, between the /e- irradiance points, of 0.64

mm and a diverge-ice of 1.3 mrad. .

103
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I 4

M1 M2

Absorbing Spatial

Laser

A pod iseSr

iris

Image --- ------- PDI
Plane -- - - - --

L3

L4

Detecior
a ~~~~~Plane --- _____ --

Detector A rray Camera

Fig.5.1 rhe experimental configuration used to measure the irradiance impulse
* response of the ootical system formed by,.LIL-2, the iris, and the aoodiser
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Designation Source ID Description

Laser Hughes H3022P 5 mW, linearly polarized

Absorbing filter Wratten neutral density, various
values

M 11 M2 Newport 10010 1 dia. pyrex lst surface mirrors, A/1 0

Spatial filter Jodlon LPSF- 100 lOX microscope objective. 10pmr
pinhole

Li Jaegers Telescope doublet, various focal

lergths

Apodiser See App. 3 52,6 Gaussian amplitude apodiser

Iris Newport 1D-1.5 18 c urved l ea ves

L2 Depended on particular test
configuration

3 J.E.A. 780094 20X, 0.40 N.A. microscope objective

Detector Array Fairchild I-SCAN 256-element CCD linear array with
electronics

PDIEaling Point Diffraction irterferorrete'. '

pinhlole

Camera Pentax K1000 Body used without lens

Table2.1 The equipment used in the experiment.

• .. •

electronics .
% *** 2.* .. *.;*. .-... ..-..-

S - . 'S * '. *
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The first optical element the beam encountered was the absorbing filter. This

filter was actually one or several Wratten neutral density filters of various values. The

filters was used-to adjust the irradiance level in the plane of the detector array.

Two first-surface mirrors, Ml and M2, directed the beam into the spatial filter. The

mirrors had a surface flatness of V.10. The spatial filter was formed by a lOX, 0.25 N.A.

microscope objective and a 10 micron diameter pinhole.

The pinhole acted as a point source for the optical imaging system formed by Li,

the apodiser, the iris, and L2. The image of the point source through this system was the

irradiance impulse response of the system. Lens LI was a telescope objective with a

diameter of 78.7 mm and a focal lengtn of 495 mm. This iris, while adjustable, Vvas used

with a nominal diameter of 25mm. If Ll was used to focus a plane wave limited by th'e

iris at the nominal diameter, the diameter of the resulting Airy spot would be

approximately 30 microns. Thus, it is clear that the 10 micron pinhole was indeed acting

as a point source for this system. Furthermore, a simple calculation reveals that the

irradiance of the wavefront from the pinhole at the lens Ll varied by no more than 2

oercent over a central circular region of 25 mm in ciameter. Lens Li vas a hi,.n zualiv

telescope oojective ourchased from Jaeger Optical Company When used at th.srecuced

3cer-ure the ens vouid oe -x:.e-ec "o :e e3senta./ aoerrator--ee "r ee, -

of the wavefront after the lens Li confirmed this expectation

The apociser was one of several ,vnose ampituce transmittance Nas nominaliy

Gaussian. The design, construction, ano characterization of these aoodisers is cetailed "n

Appendix 2.

Lens L2 was the finai eiement in tne opticai imaging system. During tne

experiments different lenses were used in this position. The particular lens used

3eoencea upon the acerrations desired.

o. ,-, r

.°. 1 O o o - . ° . - -° - - . • . . . - . . . • . . . . . . .. . . .. . . . . .. . . . . .. . ,
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The image of the point source was formed in the image plane. Two different IF

configurations were used to characterize this image.

The first is shown on the optical axis below the image plane in Fig. 5.1. It consisted

of a 20X microscope objective (L3) and a linear detector array. The microscope objective

acted as a magnifier. Magnification was needed because the scale of the image of the

point in the image plane was too small to be adequately sampled by the detector array.

Lens L2 generally had a focal length of about 300 mm. Thus, the diameter of the Airy

spot in the image plane was approximately 19 um. The detector array was a Fairchild

CCDII I linear array of charge coupled detectors (CCD), each of area 17 x 13 Pm, on 13

pm centers. Hence the magnification provided by the microscope objective L3 was

needed. The array was part of a card of electronics marketed by Fairchild under the

name I-SCAN. The data flowing from this array was collected by a microcomputer.

Appendix 3 contains a complete description of the data collection equipment. This

configuration resulted in a linear array of samples of the irradiance through the center of

the image of the point source. i.'

The second configuration used to measure the ,mage -s shown shifted to :he right

of 'he first configuration in Fig. 5. 1 it consistea of a ooint-diffraction interferomete 7

(P )1, lens L4. and a camera back. The PDI s a oartiallv transmittinc slate with a totallv - "

transmitting circuiar region in its center The circular region was on the order of the size

:f "*'e A iry coo: :ererated bv '. 'hen " '; '10 vas ziacea n "e maae r- e. --.

wavefront from L2 passed through the DDI and was siit into two wavefronts One was a

reonca of the .ncident wavefront Nitm reducec rrad:ance, wnrie *he otner was 3

.verina oerral vavefront ,enerated -,,he mail :irciar " con.

wavefronts interfered and the resultant interference pattern contained information

about the iberrations in the octical wstem '_ 2s 4 was .diusted -o *hat *he exit _'ucil

r
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was imaged orto the film plane in the camera. Thus the recorded interferogram-

contained information about the aberrations in the exit pupil. %

S.1.2 The Imaging Configurations

For the experiments involving the image of two point sources, the configuration

of Fig. S 1 was used with little modification. However, when imaging an extended object

such as an edge or a slit this configuration had to be extensively modified as shown in Fig.

5.2.

5.1.2.1 Imaging of Two-point Objects

A set of five double pinholes was purchased for use in the two-point imaging

experiments. They were placed, one at a time, in the plane of the pinhole of the spatial

fiiter of the configuration of Fig. 5.1. The double pinholes were mounted on the same

type of circular magnetic holders used for the spatial filter. The spatial filter lens was

moved longitudinally away from the filter location so that each pinhole was illuminated

uniformly The detector array was centerec on the resulting image irradiance pattern

-he separation of the ceaKs in the image was determined by counting the number of

oixe!s between the oeaks.

The double pinholes were manufactured by burning two closely-spaced small

-oies wtn a ocussec :aser oeam -he 'oies Nere scecifieo to ce 10 microns in aiameter

Thespac;ngswere soecifiec to oe 42,35.28,-", and '4 microns. The actual diameters and

soacings were ceterminea experimentally.

The diameters of the individual holes were determined by observing the far-field

diffraction oattern when the hole was illuminated from behind Essentiallv. each hole

r

.................................
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MI M

Spatial Filter

Filter Object i
Plane

r Apodiser

iris

- Detector

Detector Array

h Fig.5.2 The experimental configuration used to measure the image irradiance
distribution~ of edge 3rnd slit obiec:s hrough ,e ootical swemr 4ormed t,,~
the iris, and thie apodiser.
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was set up as a slightly defocused spatial frequency filter. The incident wavefront was ,-

approximately flat in phase and uniform in irradiance. The far-field pattern was then an

Airy diffraction pattern. The width of the first dark ring (diameter of the Airy spot) was

measured and the width of the diffracting aperture (pinhole) was inferred using Fourier

optics techniques. The pinhole diameters were found to be 9.5 ± 0.5 Pr.

The separations were found in a similar manner. For this measurement, both holes

of each double pinhole were illuminated by a beam which was approximately uniform in

phase and modulus. The resulting far-field pattern was a system of Young's interference

fringes. The spacings of these fringes were related to the separation of the holes.

Assuming that one pinhole separation was known, the others could be determined by

the ratios of the fringe spacings in the various Young's interference patterns.

The separation of the two holes in the double pinhole with the largest labeled

separation was measured using a powerful optical microscope. For this purpose, a Leitz

Or-toiux mrcroscope was used. It had a SOX objective (N A. =0 65) and a 10X eyepieceIor an overai visuai magnification of 500. 7e smalles:- esolvaole inear dimers,on n re

:oiect piane, by :ie ;ayieign criterion was z -..A ;with ., 0.5 ic.-or ": s give,

S .17 m:, -. .e measurec e-ar3t:on "e . o ioes n ";s -3se .was -

micron. Notice that the measured separation is much greater than the resolution limit so

'.at The mensuration error aiscussed in Chaoters 2 ano . was negnigibie.

5.1.2.2 Imaging of Edge and Slit Objects

7he ontigura;on ot ig. 5,2 was eeae !or :-'e maging )T :re eage an, ,".

objects because of the presence of speckle. Speckle is the random iiradiance fluctuations

je r it.

h ",'

____ ____ ___ ____ _ - - .~1.1



nominal surface shapes of mirrors and lenses, as well as dust particles on these surfaces.,.

Speckle was reduced in this experiment primarily by using fewer optical elements, one

lens instead of three, between the object and the image planes. Thus there were fewer

sources of speckle.

The effects of speckle were also controlled by carefully choosing the placement of

the iris The characteristic size of the speckle pattern was determined by the limiting

aperture in that part of the system which followed the source of the speckle. For

instance, if *he source of the speckle was in the object plane of Fig. 5.2, the iris would be

the limiting aperture and the characteristic size of the speckle in the image plane would

be the Airy spot diameter of the system. in !he preset case 1'owever, the object was one

or a pair of razor blades (no source of spec,,e except perhaps along the edges), and the

incident wavefront had just been spatially fiitered so it was relatively, if not completely.

free from random phase flucuations. This then left as a major source of speckle, the lens

LI But the iris was not the aperture stop for the optical sytem following the lens. The

system following the lens was simply a free-space oropagation system Thus the

.tharacteristic size of the soeckle rom sources in or on the !ens L, was -nucn ,aroer :,an

:he specKie size !rom ooject sources. The *Pfec ,vas 3 eauc:ion o :,he spec. e wrcn•

-arr% *.vt 'e 2;esir-e rnages e Zec._O.n. e 'race :;Iave e

comoleteiy removed, was considerably reduced by this technioue.

5.1.3 Alignment

"he oroper alignment of the various exoerimental tonfigurations was cructa to

e uJcce.s of 'he exceriment. A misalinred -.vstem ..vion!d Iave unwanted aberatior,.

The alignment procedure was based on a technique developed by Taylor and

'hor'roSor 79 The essence of the idea was 'o first est3abish ,Jnambiguously an ootcal 3x-"

.........................................................................
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and then align each element to that axis. The procedure outlined here is, for clarity,

specific to Fig. 5.1. However, the techniques are perfectly general and were used to align

all of the experimental configurations.

Initially, the optical axis was established wit< - laser, the turning mirrors M 1

and M2, and a target placed in the detector piar-: :g. 5.1). The target was a black

cross inked on a white card. The card was mounted so as to be perpendicular to the

optical table surface. The center of the cross was 4.44 inches above the surface. Placing

the cross in front of the laser, the output aperture of the laser was adjusted to be 4.44

inches above the surface. Then the cross was moved to a position in front of M1 and the

laser was tilted, about the output aperture, to center the laser beam on the cross. Next,

the target was moved just in front of M2 and then M1 was rotationally adjusted to the

center of the laser beam on the cross. Then the target was moved to the detector plane

and M2 similarly adjusted.

Next a white painted sheet of metal with an aperture that was smaller than the

laser beam was placed between M1 and the spatial filter location. The small hole was

centered on the beam by observing and centering the circular diffraction pattern from

-he hole on the cross. This hole was used as a reference for aligning the lens in the spatial

'Oter

Before the spatial filter was aligned, a crosshair formed by two thin metal wires

,vas otaceci oetween 'he oosit:on of 'he ;.oati3I :i .er )nd position of lens

clossnair was centered on the optical axis by observing and centering the shadow of -ne

rzrcr'osshair on :he target cross. The center oftie hole n the metal sheet and The croishairsI en defined -he oc-ical 3xis.

The spatial filter was modified so that the lens and the pinhole were separately

adiustable. After mounting the spatial litter lens :n its approximate location it was

ill r i
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adjusted in tilt by observing the reflected light as it impinged upon the white-painted

metal. The reflected light formed a circular interference pattern which was centered on

the hole by adjusting the tilt of the lens Simultaneously, the transmitted beam which

again cast a shadow of the metal crosshairs onto the target was aligned to the target 1.

cross by adjusting the lens in translation. When the reflected circular diffraction pattern

was aligned on the hole and, at the same time, the shadow of the crosshair was aligned

on the target cross, the alignment of the spatial filter lens was complete.

The spatial filter pinhole was then put in place and aligned in the usual manner by

maximizing the power throughput while minimizing the transmission of higher spatial

frequencies. When done correctly, the shadow cast by the metal crosshairs remained

centered on the target cross. The metal sheet with the small hole was then removed. At r

this ooint the optical axis was defined by the pinhole and the metal crosshairs

Next, the main elements of the optical system were put in place and aligned

These elements were lenses LI and L2, the iris and the apodiser.

First, L2 was put in place. It was adjusted in translation by observing and centering

the shadow of the metal crosshairs on the target cross. The rotational alignment was

accomolisned by ,using the Boys points. Boys points are images of the soatiai filter

onhole formed by reflections from the sur'aces of the lens These noints occur cih . -

oeore and after the !ens The position of these points which occur before the iens are.-I

oar, cjiariv sensit,v 'o "otatjorai jdi.s:me, t "  
, a fi ," 3h ino "nese ooir'ts 3

metal mesh screen was interposed between the !ens L2 and the pinhole. This screen was

piaced ;n :,ne olane of one of 'he reflected Boys points. Thus, a small brignt spot

aooeared on the screen. The shadow of the metal c sshair 31so aoCe3red on *he scree-

The lens was properly aligned, in a rotational sense, when the Boys point was centered

r
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on the shadow of the crosshair and simultaneously the transmitted shadow of the
crosshair was centered on the target cross..

Lens L1 was then put in place and aligned in an analogous manner. Additionally,

lens L2 was adjusted along the optical axis so that it was exactly its focal lengt ,v

from the pinhole. This was done by placing a shear plate between lens L1 an-. ..- ad

observing the reflected interference pattern. The lens was adjusted correctly in a j
longitudinal sense when the interference fringes were completely fluffed out.

Next the iris was put in place quite close to lens L2. It was aligned in translation by

observing its shadow cast on the target. The apodiser, when used, was aligned similarly

and was placed as close as possible to the iris.

At this point the optical system was completely aligned. Depending on the

particular need, either L3 and the detector array or the PDI, L4, and camera was then

aligned to the optical axis.

As a test of the accuracy and repeatability of alignment, the same optical system

was aligned from scratch several times. Each time the aberrations were measured. The -

optical system (see Fig. 5.1) consisted of a Jaegers # 1158 lens (f = 495 mm) as L1, a laegers

958 lens (f 390 mm) as L2, and an .ris with a ciameter of 0.525 nones. The measu;ea

third order aberrat!ons, in terms of Siedel aberration coefficients, for each of these :ests

are :aouiated n Tanme 5.2. Two conclusions can be orawn from the cata !n ,his sacie.

-'st. because of he low maanitude of each 3berration. it can be concluded !hat *he

lenses were of high quality and the system was aiigned well each time. Second, because

-_, e different aiigrments produced very similar results, it can be concluded 'hat the r
aiignment ororedure was repeatable.

r
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._



- -°

115 I

1 2 3

Astigmatism 0.0 0.0 0.0 I~q,,

Coma 0.1 0.1 0.1

Spherical -0.1 -0.0 -0.1

Table 5.2 The measured third-order Seidel aberrration coefficients after several I
aligments of the same optical system. The units of the tabulated values are
wavelengths (A = 0.6328 microns).am

5.1.4 Data Acquisition

V
After a particular optical system had been set up and aligned the data acquisition "-".

orocess could proceed. The raw data were in two forms. photograohic and electro-optic

-Iese will be discussed separately. To clarify this orocess. a Particular oo*;cal svstem x:1.

:e analyzed as an examole. For this ourpose, the ooticai system of ;;g- 5 1 -Vas

- c s. uced v6,- e1 1 was a :aeaer's z i 58 les (f -95 ",rri). !2 was a Iaeae-s s 3.8

ens (f =390 mm), and the apodiser was #6 These comoonents were selected arc

oriented t-o achieve a system havina smail amounts .f aberrations ,NnIcI Nouid resuit ri

an Airy diffraction pattern in the detector plane

5.1.4.1 Electro-optic Data

Electro-optic data were geneated by operating the linear CCD detector array

when that array was in the piane of the aifiraction pattern oi interest. The detector

F../



116 V

array and the associated 20X microscope objective were installed and aligned as

described in section 5.1.1 and 5.1.3.

The data were in the form of 256 eight-bit words; one word for each element In

the detector array Such a grouping was called a frame of data. Eight frames of data

were taken each time data was collected.

A single frame of data from a test of the example system is shown in Fig. 5.3a. The

optical configuration was that of the example system. The vertical axis is relative

irradiance plotted logarithmically and the horizontal axis is normalized distance v. The

scales are the same for all the plots in Fig.'5.3.

The digitized nature of the data is evident from Fig. 5.3a There are 256 (26)

possible values of relative irradiance because the word size is eight bits. Thus, the

minimum resolvable signal difference is 1/256 = 0.0039 relative to a maximum signal

value of 1.0. This minimum resolution is seen as discrete steps in the data of Fig. 5.3a.

The steps are of different vertical size because the vertical axis was plotted . - -.

logarithmically.

When eight consecutive frames of data were averaged the result was the curve in

;,c. 5 3b. The n'ecration -ime for each -rame was 2 msec. 'he data after ",:-s

averaging orocess were considerably smoother.

in Fig. 5.3c, :he averaged data (pictted as triangles) are shown relative to an Airy
L%

oattern. The differenca between the data and *he Airv oattern never exceeds the

minimum resolution of the system.

in Fig 5 3d, ,he averaged data are snowr relative to a centrai slice of the

rradiance imoulse resoonse of an ootical system having .he aberrations measured usi c

the PDI. The theoretical plot was generated using the model described in Chapter 3 "

.-.
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A photograph of the irradiance impulse response through this optical system is

shown in the top of Fig. 5.4. In this case there was no apodiser and essentially no

aberrations (only those of column 3 of Table 5.2). The photograph should be and is

approximately an Airy diffraction pattern. The plot in the bottom of this figure is the

calculated modulus of the amplitude impulse response with the above aberrations and

no apodiser. The plot was generated by the model described in Chapter 3 (PSF.FOR) with

the measured aberrations as inputs.

Two different apodisers were used at different times during these experiments-

When they were put into the system, the impulse response was significantly modified.

Experimental data in the form of a central slice through the impulse response for one of

these apodisers (#6) is shown in Fig. 5.5. The broken curves represent the experimental

data from two data collections when the detector array was rotated about the optical

axis by 900 for one of the collections relative to the other. The theoretically predicted

irradiance impulse response is shown as a solid line in this figure. The predictions were

generated by the model described in Chapter 3 with the aberrations measured with the

PD; and with *he apodiser parameter descrioed by (4 6) The apodiser can be cesc,ioeo

oi *ne func::on T ,)= exo(-G 2 ),wnere, wvnen G 3. :,ie apociser zescroed z, -n.-

function was in place in the system and, when G =0, there was no apodiser in place This

snorthan notation will be used in future references to the existence of an apooiser :or

these data the iris diameter was set to be 0.525 inches. Details about how the apodisers

vere designed, constructed, and tested are contained in Appendix 2.

A photograph of an apodised (G = 3) and essentially unaberrated irraciance

,mouise resoonse is shown in Fig. 5.6. The optical system had the third-order aberrations

r
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Fig.S5. Theoretical (solid curve) and experimental (broken curves) plots of central slices
of the irradiance impulse resoonse for an aoodised (G = 3) 3nd unaberrated
optical system.
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Fig.5.6 The photograph in the top of this figure is of the irradiance impulse response of
an apodised (G z=3) and essentially unaberrated optical system. The aberrations
of this system are listed in column 3 of Table 6.2. The apodiser is described by
t4.6) and shown in Fig. 3.9. The olot on the bottom of this figure is the c~lculateo
modulus (vertical axes) of the impulse response through the same optical system.
The horizontal axes have the same units of normalized distance.
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listed in column 3 of Table 5.2. The apodiser was #6 and the iris diameter was 0.525

inches. The plot in the bottom of this figure was generated with the same aberrations

and apodisation by the computer model PSF FOR.

At this point, it is clear that the experimental apparatus was capable of making

measurements which were fine enough to measure the important details of the

diffraction patterns produced by these optical systems. The measurements were

accurate, precise, and replicable. The measured patterns agreed well with the predicted

patterns.

5.1.4.2 Photographic Data

The data recorded by photographic means were the interference patterns

generated from the point-diffraction interferometer (POI) and analog data from the I-

SCAN detector displayed on the oscilloscope and photographed.

The PD1 was used to measure the aberrations in the optical system. The PD1. lens

L4, and the camera back were installed and aligned as described in the previous sections

This was done on every data run. The interference attern was recorclc on Kodlak Pl,s-: ""

Pan 35 mm film, which was developed according to tne manufacturer s instructions. T -e

resulting negative was used to print a positive image onto an 8" x 10" sheet of KodaK

?,: iycontrast RC 1,im, vnicn aiso was 3eveiocce 3ccorcing . Ie nanuiac-urer'"

instructions. -"

jg. ~ ~ ~ S.7. -, "t

An nterTerogram from tre example system .s displaye in pig. 5.7 these ata

were collected with the iris diameter set to be 0.525 inches. The shape of the fringes anc

teir spacing are related to the aberrations in the optical system These aberratons we'e

.

r
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found by digitizing the coordinates of central points along the fringes. The 17

interferogram as well as the digitized points for this example are shown on the in Fig.

5.7. The digitized points were the input data to a fringe analysis program written by -

Professor James Wyant of the University of Arizona. One of the outputs of the program

is the aberration values in terms of the Zernike as well as Siedel coefficients. The third

order Siedel coefficients for the interferogram of Fig. 5.7 are listed in column 3 of Table -t

5 2

At tirmes, instead of collecting the I-SCAN data, digitizing it, and processing it with

the microcomputer, the analog data from the i-SCAN detector was displayed on the

oscjiloscope where it was photographed. This analog data was then compared to the

theoretical predictions. This method of data collection was considerably more simple to

accomplish than the totally electro-optic method of section S. 1.4. 1.

1,

.-,.
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5.2 EXPERIMENTAL EVIDENCE

As stated in the beginning of this chapter, the purpose of the present experiments

was to adequately test the theory developed in Chapters 2, 3. and 4. The development of

that theory involved several assumptions and approximations. Extensive predictions

about the behavior of aberrated coherent imaging systems and the utility of apodisation

were made based on this theoretical development. Thus it was necessary to perform

credible experiments to establish the validity of the model used to make those

predictions.

In the previous sections some experimental results were presented. The

experimental data on the irradiance impulse response of the nearly unaberrated system

agreed very well with the theoretical predictions.

In the following sections, the theory will be tested under a wider range of

conditions. Aberrations will be introduced into the optical system and imaging of a

point, two closely-spaced points, an edge, and a slit will be performed. It will be seen

that in these cases also the theory is sufficient.

5.2.1 Aberrated Impulse Response Data

Aberrations were introduced by a number of methods. Spherical aberration was

,nt'occed, for !nstance, by reversing the orientation of lens L2 in the configuratiors of

"gs 5 1 and 5 2. The lens L2 was usually a well-corrected telescope doublet Suc n

.e.-e .ts 3re desianed assuming 'hat one of e -ougates Is at rfi't' -hls -;eu s '""

the surface of the doublet having the largest curvature being on the infinite oniugate

siCe. For example, the lenses in Fig. 5.1 are drawn with the infinite contugate sides

towards each other !n this orientation the vstem will have a minimum imcunt of

spherical aberration. This is indeed how the system was oriented when the data

tabulated in Table 5.2 were gathered If the orientation of lens L2 were reversed so ",at
,_.d.

'.. % .

N °..
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the infinite conjugate side faced the image plane, it could be expected that the _

dominant aberration in the system would be third order spherical.

This is indeed the case for the data in Figs. 5.8 through 5.11. The data in these

figures were collected using the configuration of Fig. 5.1, where different lenses,

oriented for maximum spherical aberration, were used as 1.2.

In Figs. 5.8 and 5.9. photographs of the irradiance impulse response of an

aberrated system are displayed along with calculated 3-D plots of the modulus of the

amplitude impulse response generated by the model PSF.FOR using the measured

aoerrations of the photographed system. Fig. 5.8 is for an unapodised system and Pig. 5 9

is for an apodised (G =3) system. The measured third order Seidel coefficients were

astigmatism = O.1X, coma = O.1X, and spherical = -0.8X. There were negilgible

amounti of higher order aberrations. In the theoretical plots shown just below the

photographs, the modulus is used instead of the irradiance to emphasize the ring

structure.

The agreement between the experimental and theoretical data is qualitatively

ie'y good in the case of the unapodised impulse response (Fig. 5.8). :ne mag ":,.e -

trse -iSz r.,g grew while the magnitudes of the central peak an :ne secsr ::g"

decreased relative to the unaberrated case (compare Fig. 5.8 to Fig. 5.4) This behavior

,vas precicteo in Figs. 3.11 and 3.15. As seen in Fig. 5.9, the apooiser was quite effect:ve

in removing the ring structure. The imoulse response has been considerably smoothed

wnicr ' in agreement with theory. This smoothing Implies that the apodiser will be

e"c:.e n reducing the ringing in the image of an edge or a silt, as .veil as reauc-ng -- e

'ensuration error in the image of two closely-spaced Doints. Data from these tves of

images through a system with the present impulse response will be displayed in the next

section.

I -,

. .-. .". |
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Fig. 5.8 The photograph is of the irradiance impulses response of an unapodised
joptical system with the aberrations of astigmatism z 0. 1 X, coma = 0. 1 X, and
spherical z -O.BX. The 3-D plot is the theoretically predicted modulus
rverticai axis) hased on these aberrations. -he !horzontai axes are -n :?e Ame
units of normalized distance.
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When other lenses of various focal lengths and orientations were substituted for r

L2, different impulse responses were obtained. Data collected by the electro-optic

technique of Section 5.1.4.1 are shown in Figs. 5 10 and 5.11. In each figure the ,,

theoretical data are plotted as solid lines and the experimental data are plotted as _

dashed lines. The unapodised (G-0) cases are on the left side of each figure and the

apodised (G = 3) cases are on the right. The measured amounts of third order spherical

aberration for the four cases was -0.2X, -0.6X -1.2X, and -1.9X for Figs. 5.lOa, 5.10b,

5 1 ?a, and 5.11 b respectively. Smaller amounts of the other third order aberrations were

present and are noted in the figure captions. Higher order aberrations were negligible.

These data show quantitatively the same effects seen qualitatively in Figs 5 8 and F
5 9. There is, first of all, good agreement between the experimental and theoretical data

in each of the figures. The only exception is that the theoretical and experimental data

differ by about 10% in some portions of Fig. 5.11 b.

Aberrations other than spherical could be generated by misaligning an originally

unaberrated system. For instance, the optical system of Fig. 5.1 with the elements

oriented for minimum spherical aberration was deliberately misaligned until the imoulse

response in the top of Fig. 5.12 was obtained The aberrations were measurec and ourn

'o be: astiamatism = 1.2X, coma = 0.2X. and soherical = -0.' X he 3-D or ' ."-

oottom of this figure is the calculated modulus of tre amplitude impulse response of a

;vstem qavira he "easured aoerrations .ina 'o aizioaiser Similar ata "or *"e :3re

system with an apodiser (G = 3) as part of the system !s shown in Fig. 5 i 3

'S *. ~ ~ -** .. -. -
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Fig. 5.11 Theoretical (solid lines) and experimental (dashed lines) results are compared

for two systems. In the first system (a) astigmatism = 0.OX, coma = 0. 1 X, and
soherical = -1.2X~: and in the second system (b) astigmatism = 0.2X. coma
0.3X, spnerical = *1.)X. The piots on mne ;ert are -,Or trie uflapo~ai ;ase
while the others are for the aoodised (G =3) case.
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Fig. S. 12 The pnotograpn is of the irradiance impulses response of an unapocisea
optical system witht he aberrations of astigmatism z 0.2k,. coma = 0.2k, and
spherical = -QIX. The 3-D plot is the theoretically predicted modulus
(verticai axis) based on these aberrations. The horizontal axes are In the Same
units of normalized distance.
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A quantitative comparison between theory and experiment for the impulse

responses of Figs. 5.12 and 5.13 is provided by the data shown in Figs. 5.14 and 5 15. The

data in Fig. S. 14 were generated by placing the I-SCAN linear detector array in the center

of t- ;-ulse response. The orientation of the linear array corresponds tb a horizontal

: . -ough the center of the photographs of Fig. 5.12 and 5.13, with the sense of left

and right reversed. The analog output of the I-SCAN detector array was displayed on the

CRT of an oscilloscope where it was photographed.

These photographs are displayed in Fig. 5.14. The horizontal axes are the same for

both photographs and correspond to a linear distance in the plane of the impulse

response. The veritcal axes, respresenting image irradiance, also have the same units,

except that for the top photograph a neutral density filter (ND = 0.7) was inserted into

the system.

The data of Fig. 5.14 are displayed as black dots in the plots of Fig. 5.15. The solid

curves in this figure are theoretical plots of the irradiance along a line through the center

of the impulse resoonse for a system having the measured aberrations of Fig 5 12. The

too ootsin both !g 5 14 and 5.15 are for an .napodised system, whi;e the bottom plots

are 'or an apodised (G = 3) system.

Crom the several different imoulse resconses considered in this section 't is dear

:hat the model is accurate in predicting the experimental results. The largest error is

-oout '0% in *te casewnere the onerical aoerration eaualec: 9X. n ,he otner cases.

rvo;ving aberration with magnitudes less than this, the agreement between "Theory ano

e~ceme," wa es*. tan 5,

"..-. :i
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--; Fig. 5.15 Experimental (dots) and theoretical (solid lines) data are compared for the: '':

,';.': experimental conditions described in Fig. S. 13. ":'
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5.2.2 Aberrated Imaging Data "_

Imaging experiments were performed where the objects were an edge, a slit, and

a set of two closely-spaced points. The experimental configuration is shown in Fig. 5.2.

The specific optical system used here was the one which generated the impulse response

data of Figs. 5.8 and 5.9. That is, the measured aberrations were: astigmatism : 0.1 X,

coma = 1 X. and spherical -0.8X.

5.2.2.1 Edge and Slit Images

After the aberrations were measured and the impulse data were taken, the

pinhole in the spatial filter was replaced with the edge object. Both the pinhole and the

edge object were on identical magnetic mounts so that the edge object went into the

system at the same axial location formerly occupied by the pinhole. The 1OX microscope

objective was moved axially back from the pinhole so as to provide a relatively uniform

illumination at the edge object. The 10 micron pinhole was reinserted at the focal point

of the laser beam after the objective. This was done to spatially filter out the high

frequency noise on the beam. The edge was a section of a razor blade.

Data were collected by placing the I-SCAN detector array in the image plane with

the axis of the detector array perpendicular to the edge image. The analog output from

the detector array was connected to an oscilloscope and photographs were taken of the

patterns displayed on the CRT.

Data obtained in this manner are shown in Fig. 5.16 where the coherent image of

an edge with no apodisation is displayed in the top photograph and the same image

with an apodiser (G = 3) in the system is displayed below it.

These data (in the form of black dots) are shown superimposed on theoretical

curves (solid lines) in the plots of Fig. 5.17. Two conclusions can be drawn from these .

... .- . -
• ~~~~..--, ... _,....... ..- ,.-. . -.....-.... ,.... .... -.-... ,"... -.- , o.. .
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Fig.5.17 Experimental (dots) and theoretical (solid lines) data are compared for the

experimental conditions described in Fig. 5. 16.
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data. First, the apodiser has been effective in removing the edge ringing in the image of "

the edge through this aberrated system. This behavior is a direct result of the smoothing

of the impulse response seen when comparing Figs. 5.8 and 5.9. The second conclusion

that can be drawn is that the theoretical model is quite accurate in predicting the

experimentally observed behavior.

When the object was two razor blade edges instead of one, a slit was formed. The

width of the slit was varied and image data were collected in the same manner as with

the edge. The photographic data for three different slit widths are shown in Figs. 5.18,

5.20, and 5.22. These data (in the form of black dots) are shown relative to theoretical

predictions in Figs. 5.19, 5.21, and 5.23 respectively. The predictions were based on the

measured system aberrations (same as for the edge).

The same conclusions that were drawn for the edge can be drawn here. Namely,

the apodiser is effective in removing the edge ringing and te theoretical model does a

good job in predicting the experimental outcome.

The small deviations between theory and experiment in the top plots of Figs. 5.19

and 5.20 are caused by speckle. It is interesting to note that the apodiser has diminished

this difference (compare the top and bottom plots of Figs 5. 19 and 5.20).

* 
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Fig. 5. 19 Experimental (dots) and theoretical (solid lines) data are compared for the
experimental conditions described in Fig. 5. 18.
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Fig. 5.20 Experimental data from the analog output of the I-SCAN linear detector
oriented perpendicular to the slit image through an unapodised (top plot)
and apodised (bottom plot. 6.a3) optical system with measured third order
aberrations: astigmatism a0. 1 A, coma a0. 1 A. and spherical a -. 8X~.
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Fig. 5.22 Experimental data from the analog output of the I-SCAN linear detector
oriented perpendicular to the slit image through an unapodised (top plot)
and apodised (bottom plot, G z 3) optical system with measured thirdj order
aberrations: astigmatism a 0. 1 X. coma z 0. 1 X. and spherical -0.8k.
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Fig. 5.23 Experimental (black dots) and theoretical (solid lines) data are compared for
the experimental conditions described in Fig. 5.22.
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5.2.2.2 Two-point Images

The data collected in the two-point imaging experiments were from two different

optical configurations. The first configuration (Fig. 5.1 was used) was designed to have

small amounts of aberrations. A measurement of the aberrati'- --ter this design was

configured gave: astigmatism = 0.1X, coma = O.OX, and spr-.'..: = O.OX.

The five double-pinholes described in Section 5.1.2.1 were individually inserted

into the system and the resulting image plane separation of peaks was measured An .

example of the data obtained from this process is shown in Fig. 5.24. In this case the

object was the double pinhole with a pinhole separation of 42 microns. In the top plot of

this figure, the experimental data with no apodiser was drawn as a dashed fine. The

theoretically predicted image irradiance distribution for the same condition was drawn

as a solid line. When the apodiser (G = 3) was added to the system the curves in the

bottom plot of Fig. 5.24 are obtained. The geometrically expected locations of the

pinhole images are indicated by vertical dashed lines.

This procedure was repeated for the other double pinholes as well as for all five

double pinholes in an essentially unaberrated system having twice the magnification All

of these data are combined into Fig. 5.25. The horizontal axis in this figure is the

geometrically exoected image point separation while the vertical axis is the mensuratior.

error. The mensuration error is the difference between the expected and the actual

senaration. "he theoreticallv redicced -enuration error:s nown as a solid nie ;or :,e

unapodised case and as a dashed line for the apodsei (G =3) case. The exoerimentai

data points are shown as boxes for the inacodised sizuation and as X's for the apocised

( = 3) ituation.-

A similar set of data is displayed in Fig. 5.26. In this case the optical system was

modeled after Fig. 5.2 and the measured aberrations were astigmatism = 0.1 . coma

..? r
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0. 1 Xand spherical = 4.8.

In both Figs. 5.25 and 5.26 the data show that a mensuration error exists when the

separation is close to the limit of resolution. This is true for both cases of apodisation and

for both figures. However, the data also reveal that the mensuration error when the I

points are resolved is less when the sytem is apodised. The unapodised case has a better --

resolution limit, but this is misleading because the mensuration error is greatest in the

region between the resolution limits for the two cases of apodisation. This conclusion

applies equally to the unaberrated and aberrated situations.

5.3 EXPERIMENTAL SUMMARY

Experiments were performed involving the imaging of simple objects through

coherent optical systems having various amounts of optical aberrations. The effect on

imaging performance of adding a Gaussian (G = 3) apodiser to the optical system was

determined. The objects were a point, two closely-spaced points, an edge, and a slit.

The goal of these experiments was to adequately test the theory develooed in

Chapters 2, 3. and 4 These chapters contain a large amount of theoreticai data The

experiments were not intended to test eacn dividuai theoretcai result; rat.her

representative theoretical results were tested. The exoerimental results were very close

to the theoretical predictions for those cases which were tested. The experiments

.onfirm that *he *1'eorv is valid at least under the rane of conditions tested.

L .. .%
Ii %%
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CHAPTER 6 CONCLUSIONS

This study was performed to investigate both theoretically and experimentally the

effects of aberrations on the performance of coherent imaging systems, and the utility of

apodisation in improving that performance. It has been established by other workers

that apodisation is useful in improving the performance of unaberrated coherent

imaging systems. Any real optical system, of course, has some amount of residual

aberrations. So this study, by considering the reality of aberrations, has extended the

body of knowledge in the field of apodisation.

It is worth emphasizing the ubiquity of aberrations in optical systems. There are a

few optical systems which are essentially free of aberrations; for example, the projection

system used to make masks for the semiconductor industry. Such systems are extremely

expensive however. It is more likely that an optical system will be considered well

corrected if it meets the Rayleigh quarter wavelength rule. This rule of thumb states that

an element is well corrected if the absolute value of its dominant aberration does not

exceed a quarter of a wavelength In buying ootical elements for this experiment, optics
-V.

of this quality were found to be the norm. initially in the experimental phase it was very

difficjlt to acheive a system having low amounts of aberrations (say less than 0 1 waves

of each of the third order aberrations.) The problem was that each of the individual

elements :ust met he quarter wavelength ruie. Eventuaily high quality, arge '!#

te!escope objectives were employed to acheve a low aberration system But even air!
scstem like : iis could have ,everal :en tr's of 3 vave ot 3oerat!or un'ess "he ee-e'-

effectively Cnaberrated system. This difficulty translates into extra weight, size, and ,

excense in any oractical ootical system

152
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In the theoretical development of Chapter 2 and its application to specific imaging

situations in Chapters 3 and 4, several simplifying assumptions were made. These were

clearly noted when made but for convenience are assembled as a group here. The major

assumptions are );ng.

1. Scala-- ,.a:-,e;-Kirchoff diffraction theory (see for example Born and Wolfs) is

adequate to describe the systems investigated here.

2. The system parameters are limited such that the complex amplitude Uu in the

(x,,y0 ) plane is related to the complex amplitude in the (x,,y,) plane by the Fresnel

propagation formula

.2n I
2.~~~ 2 2) x2+Y2 2

U(x Y1 e = UO( zo"y e(zL )e 0 od (

iAz

where X wavelength of light and z is the distance between planes. This equation will be

valid if the largest aperture dimension is much greater than X and less than z /10.

3. The light source is monochromatic and produces a field in the first plane of

interest which is completely spatially coherent.

4 The imaging process for the magnitude of aberrations considered and :he

size of the objects is isoplanatic. There are aberrations in the optical systems considered'

i h's study, so the 'orm of the Imoulse resoonse changes as an obiec. coint ,

object plane. However, for the small region of the objects considered here it was

assumed that the form of the :mpuise resconse ,h anges negiigibiv n :his :ase. "he

imaging process was expressed as the convolution integral

U = U x'Y K(x -xy - v. d, (22

where K is the amplitude impulse response of the system.
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The assumption of isoplanitism for the systems ccrsidered in this study were checked

and found to be valid. The largest object considered was a slit which had an image width ."

of v = 80. This corresponds to an object width of approximately 300 microns for the
I

imac:- :n of Fig. 5.2. Theoretical imaging calculations were performed using this

ooec . ,ze through an optical system having as much as four waves of defocus or one of

the third order aberrations.

The isoplanatic assumption implies that an off-axis amplitude impulse response in the
4...

vicinity of the edge of the largest slit differs only slightly from an on-axis impulse

response. These two amplitude impulse response functions were calculated using the

program PSF.FOR described in Chapter 3. The off-axis amplitude impulse response was

then translated until I peak was aligned with the peak of the on-axis impulse response.

The difference in the complex values of the two patterns was obtained and the intensity "

of this difference was found. The area under the resulting intensity pattern was

calculated and compared to the area under the on-axis intensity impulse response. The

comparison was in the form of a ratio. If this ratio was less than 0.01 then the assumption

of isoplanatism was considered justified.

This calculation was performed for the off-axis point being 150 microns from the axis

3nd with 4 0 Naves of ore of -he aier-ations fdefoc'%s. 3st arnatsm. corra. and < e .3--

A different calculation for each aberraton was performed. The effect of 3podisation was

aiso determrned. n eacn case. the -at:o 'was -ruch less '?an 0.01

Since the agreement between the experiments and the theory is so good, the

assumptions outlined here clearly are valid for the optical systems cosiderec; r) this

- e is. n *.rat -ase. :ertain ,ererai -onc: ,sic'.s ran te draw n -ir t .:) f ii. e cr sen e .; "

aberrations in a coherent imaging system degrades the imaging performance of thatLystem in a orediccaole ,way ana aOOclWtO :S f,ctve ,',imorovin ,e~ecej ascec , " .

r
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system performance. The experiments conducted on both the unapodised and apodised F

systems agree well with the theoretical predictions. This agreement implies that the

other theoretical predictions of Chapters 3 and 4 are valid as well.

It can also be concluded that the use of apodisation is beneficial in improving certain

aspects of system performance. Specifically, apodisation of aberrated coherent imaging

systems reduces the mensuration error in the image of two closely-spaced points and

reduces the edge ringing in the images of both an edge and a slit.
It appears that expressing the images in terms of the square root of irradance is

beneficial. This effectively removes the nonlinearity associated with the detect*on

process. As a result, the edge ringing and shift are reduced. If the asymptotic vai'e of

the irradiance on the bright side of the edge can be determined, then the edge shift can

be reduced to zero, except when unsymmetrical aberrations are present.

Finally, this research has indicated that there is still some work to be done in order to

fully understand the effect of apodisation on aberrated coherent optical systems

Specifically, the effect of aberrations and the utility of apodisation on beam Procaaat o0

systems should be studied. The theoretical ef.ect of varicus aoodisers on aoe- a--ee

beam propagation systems has been studied, but "he benefit of ,Jsing aooc .a, on

aberrated beam orcoagation systems 'as not been 'nvestiqate .

1.L
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APPENDIX 1 COMPUTER PROGRAMS

The computer programs which are documented in this appendix were developed

to perform the calculations leading to the various theoretical results of Chapters 3 and 4.

The program PSF.FOR is the parent program; all the others are derived from it.

The program PSF.FOR calculates the modulus, phase, and irradiance of the point

spread function of an optical system. The inputs to the program are the size of the array

representing the exit pupil, the third order aberrations in terms of Zernike coefficients,

ana the radial width factor of the Gaussian apodiser. The point spread function is found

by performing a fast Fourier transform of the exit pupil array.

The program TPNT.FOR calculates the irradiance in the image of two point sources.

The point sources are of equal amplitude and have zero relative phase. TPNT.FOR is an

only slightly modified version of PSF.FOR. The modification is an additional .

multiplicative term in the exit pupil:

ARG2=F{ (x-b) +4X +b = 2 cos (A' 1)

where b is the separation of each object point from the optical axis, y is the linear

dimension of the exit pupil parallel to a line joining the two points, X is the wavelength

of the illumination, and fis the distance from the object plane to the entrance pupil The

modification occurs in the section of .,e croaram abeled "C'rcuiar Aoeriure. Mu:. •

of the program after that point is not included because it is identical to PSF FOR

The programs EDGE."OR and SLIT FOR are also modifications of PSF FOR Both

orograms have been soecialized to one dimension because of the 'nherent one-

dimensional nature of the edge and slit objects.

162
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PROGRAM PSF
C
C
C THIS PROGRAM CALCULATES THE PHASEY MODULUS ANDi
C INTENSITY OF THE TWO-DIMENSIONAL IMAGE OF AN

N. C ON-AXIS POINT SOURCE THROUGH AN OPTICAL
op C SYSTEM WITH ARB4ITRARY AB'ERRA'TIONS ANDi

CAPODISATION

INTEGER IWK(2000) PIAl 1A2,N1 ,N2r.N3, IJOEB
REAL RWK(2000)
REAL F'(48,p46) M(4B,48) ,E(4e) PINT(4Bp48)
COMPLEX A('256P'256) ,CLJ(25'6) PF(46p4B) 'C(48)

COMPLEX ri(48)
C
OF'EN(UNIT=22,1-STATUS='NEWJ' FILE='PH.DAT')

.4OFEN(UNIT=2-3,STATUS='NEW',F1LE'MODr.DAT')

OFEN(CUNIT=24 STATUS= 'NEW' ,FILE=' INT .[AT '

OPEN (UNIT=2'.5 STATUS=' NEW' FILE=' E4E. [AT')
C
C READ PARAMETER VALUES FROM MIC FILE
C

READ(5p20)N
REAr(5p40)A20
RE AD (5,40) A~j
RE ArEl(5p40) A22
READ (5,40) A31
REArI (5,40) A32
READ (5v40) A42
RE A [(5,p40)66

20 FQRMAT(14)
40 FORM'AT(F1O.4)

41FORMAT(I3,3X,13,3XF1O.4,3XFO0.4)
42FORMAT( I3p3XpI3y3XpF10.4)
43F0OR'IA3(Xl-,)'5(3XFE.4>'
44FORMAr(I3p3XvF10.4,3XrF10.4)
C
C N=NUME'ER CF SAMPLE POINTS IN ONE DIMENSON
C A20=45 des ASTIOATSM
C A21=FOCAL SHIFT
c A22=0 d'eg SI~I~' I
C A7-1=X COMA
C A72=Y COMA
C A42=SFIIERICAL

30=Wr TH OF GAU-SOIAt
P1I=3. 1415927
01=3.*F'I/4. t
lL =3#* * ' /2.

4.r
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C
C CIRCULAR APERTURE WITH VARIABLE TRANSMITTANCE
C AND' ABERRATIONS
C

12011DO 200 J1pN

RX=SQRTU I-( ))18.0))**+( 8.0.)

C CALCULATE CONTRIBUTIONS OF THIRD ORDER
C ABERRATIONS
C USING ZERNIKE MONOMIAL REPRESENTATION

ARGIO=A2O*2.**Y

ARG22!=A22* CY*Y- X*X)
ARG31=A31*(-2!.*X+3.*X*Y*Y+3.*X**3)/3.
ARG32=A32* (-2 * Yj3 .*Y**3+3.**X4:X*Y )/3.
ARG42-A=A42;* (1 *-6.**Y*Y-6 ,*X*X+6 * *Y**4)
ARG42-!ARG42'A+( 12. *X*X*Y*Y+6.*X**4 )*A42-
ARG42=ARG42/6.
ARGI=(ARG2'O+ARG2-1+ARG22.'+ARG31+ARG32+AR642)*2.*FI

C CALCULATE CONTRIBUTIONS OF VARIOUS AFof'ISERs
C GAUSSIAN APODISER
C TT=EXF'(-GG*RAr'*RAr'/17.0/17.0)
C SUFERGALJSSIAN AFOrISER
F=l.
TT=EXP- (GG*RArl*~/ 17 ./17.)**F)
Ir(RA~r.LT.:,6.5')GO TO 60

7 RP[E.GT.17.5)GcO TO 100
sr=-RAr14.17. 5

0O TO 80 -

60 A ( 1 =CF-X (T TCS(ARG~(AR
TO 1120 U4~

80 AC I J)=Ce.F'LX~cSC*TT*CCS-(AFC1,) ,SC*TT*SIN(AR'O)
GO TO 120

12 ONTINUE0.'0
200 CONTINUE

220 CCNTITNUE
DO 230 1=1,p48
ro 225 J=1,48

CWRI TE (24,42'L)1 JPM U ,J)
22S1CONTlNUE
230CONTINUE
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C PERFORM FAST FOURIER TRANSFORM USING IMSL

24 0 IAl=N

N1=N

N43=1 1
IJOB=-1
CALL FFT3E' (A, IAl ,1A2,N1 PN2-IN3, 1J08,IWKFRWNPCWK)

DO 242 J1,pN

CWRITE (."2241) I JrA (IJ)

242CONT INUE
C
C REDUCE SIZE OF ARRAY
C
[D0 250 I=lp24
[D0 245 J=1,24

Fl' I ,24+J)=A( IvN-24+J)
B(244+I J)=A(N-24+I ?J)
P((4Ip24+J)=A(N-24+IN--24+J)
245CONTINUE
25OCONTINUE
DO 252 1=1,48

* rio 251 J1,p48
CWF:ITE (23p41)1, J, [c(I, J)ij 251CONTINUE
252CONTI NUE
C
C SHIF~T ZERO FREDUENCY TO ARRAY CENTER
C

110 255 J=1,924

-A I P,24-rj)= I ,49-J)
255 CONT INUE
260CONTINUE

01o 2-70 I=r 2 4
rio 2 65 J=1 p48

[EC I :14-t j)=A( 5-I J

* 26500N7INUE
270 CONTNLE

['0L 2712 1 1 v4 8
C TYPE 41iIJ,E(IrJ)
272CONTINUE

4'.J
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C

C FIND' PHASE Or ARRAY FF
C

248 DiO 360 1=1,48
DO 340 J=lv48
AA=AIMAG(14(IPJ))

9. BE=REAL(EP(IrJ))
IF (BB.EG.0.0000000)BBE=0.000001

P(IqJ)=ATAN2(AAEBS)
C WRITE(25p42')I pJtP(IPJ)

340 CONTINUE
360 CONTINUE

C
C FIND' moDULUS AND' INTENSITY OF ARRAY
c

DO 400 I=lp48
DO0 380 J=1?48

.4 ~M( I J)=CAEBS(8C I J) )/.0139
INT( I J)=M( I J)**2.

380 CONTINUE
400 CONTINUE

DiO 404 1=1,48
DO 402 J1,y48
C WRITE(23,42)Ip,M(IyJ)

WRITE (2!442)1, J, NT (IwJ)
4O2CONTINUE
404CONTINUE
C WRITE CENTRAL SLICE OF INTENSITY
[10 415 I=li-48
CWRTTE(2?44)IvMCI,24)
WF.TliE(25v44)I, INT C 1,24)
4 15 LO N TINU E

CFCMOV- TILT FROM EACH ROW

!I I 420 1=, 4
LC 410 .=Z,46G

C WRITEC 23,42)1, jF (IJ)
41 CCONTINUE
42 '0CONTINUE

4c
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C HANDLE PHASE JUMPS ON EACH ROW
'~ ( C

DO 500 lai'48r
DEL=0.
ICNI=O
DO 490 J=l P48
ICNT=ICNT+l
N~i J)=F( I j)+riEL
FI=P(IPJ)

G1=P( I J+i )+DEL
Hl=AE4S( 1-F )
CWRITE( 2,43)IvJ'ICNTrt'ELrFIrG1pH1
IF(Hl.LE.01.)GO TO 490
IF( (Hi .GE.DL) .ANE'. (61.GT.F1) )GO TO 450
IF( (HI .GE.DL) .ANEI. (GI.LT.F1) )GO TO 460
IF(ICNT.LT.5)GO TO 411
ICNT=4
C rio LINEAR FIT TO LAST ICNT FOINTS(E1l=SLOFE)
4111F(ICNT.EO.1)GO TO 431

sxY=O.

sY=O.
SX2'=O.
110 421 K=1,ICNT
X=ICNT+1-K
SXY=SXY+X**( IPJ+z-'o
SX=SA+\
SY=SY+-F'(I J+1-K)
SX2-7=S X'-)+K*
4 21C0NTINUE
E=(SXY--SX*SY/ICNr)/(SX2-SX*SX/ICNT)
GO TO 429

4 29 1 B.,LEC)AE '-:~13C TO 430
IF( (Pl1.GT.0. ).ANl. (G1 .Lr.Fl) )GO TCO 440

ICNT=O
00 To 4?0
430INCT0O
GO TO 450
44OICNT=0
30 TO 460
450rE' 3L =1DEL -2. * F I
GO TO 490
460 EL =llEL +2. *F I
490C0NTANUE
5OOCONIINUE

D0 849 J1,p48
C WRITE(2-4v42-'IvJpF( IvJ)
849 CONTINUE
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CJ

* C CORRECT PHASE ON ENTIRE ROWS RELATIVE TO ROW 1=1

DO 1160 1=1,48

C WRITE(25?42n)IPJPF'(I J) .
1 160CONTINUE
C REMOVE TILT BETWEEN ROWS
rio 1200 1=2748
DtO 1150 J=1?48

1 150CONTINUE
12-00 CONTINUE
ito 1210 11vp48
J=24
C WRITE('2242) IpJvF(lI J)
121OCONTINUE
C
C HANDLE PHASE JUMPS EPETWEEN EACH ROW
C
r.'EL=0.
ICNT=O
DU 1500 I=1,48L
ICNT=ICNT+1
DO+ 151o J1,p48
P( I P-J) =F'( I v J) +EL
1510CONTINUE
J=24

F 1 +1 F J) ;.) E

Hl=ABS( 01-Fl)
C-'RITE(24p43)IJI!CNTvEE-iF~IO1,HI
IF(H1.LE.01)GO TO 1S0C

I F . 3E.L -~p DL).C . 00)* TO :o
IF( (Hi .GE.DL) .ANL'. (01.LT.F1) )GO TO 1460

K IF(ICNT.LT.4)GO TO 1411
P. I C.NT =3

C IO LINEAR FIT TO LAST CTOIS

1411IF(ICNT.EO.1)GO TO 1426
sxY=O.

sx=o*

X=ICNT+1 -K
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SXY=SXY+X*P( I+l-KPJ)r

SY=SY+P 1+1-KYJ)
SXdl=SX2I+K**2.
1421CONTINUE
FC1=(SXY-SX*SY/ICIT )/(SX2';-SX*SX/ICNT)
GO TO 1427

1427 IF((Bi.'L..OJ).ANri.(Gl.GT.Fl))G0 TO 1430
IF((Bl.GT.O.).ANL. (Gl.LT.FlflGO TO 1440
ICNT=O
GO TO 1500
1430ICNT=0
GO TO 1450
1440ICNT=0
GO TQL 1460
1 450liEL=DEL-2 .* *I
6O TO 1.500
I 46cPEL=rlL'LL±. *FI

r) 500C 0N T IN U E
1D) 2470 J1,y48

C WRITE(25p42-)IJPF(I ,J)
24 70CONT INUE
C CENTER PHASE AROUND' ZERO VALUE
DiO 2501 1=1,48
DO 2491 J1,y48

C WRITE(22Y42) I ,JvF'(I J)
2491C0NTINUE
2501C0NTINUE

C 4-:TE CEPJTPAL AL2E NF M11J A~~ ~~E

1=24
rio 2550 J1,Y48

c WRITE(23,44)JvM( I J)
25500 N TIN U
CLOSE (UNIT22'-) *-

CLOSE CUNIT=23)
CLOSE(UNII=24)

U: uN: T= 2 5
*1100 STOP

ENE,
c; IMSL ROUTINE NAME -FFT311
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PROGRAM TF'NT

C

C THIS PROGRAM CALCULATES THE PHASE, MOr'ULUS AND'
C INTENSITY OF THE TWO-rIMENSIONAL IMAGE OF TWO
C POINT SOURCES THROUGH AN OPTICAL SYSTEM WITH
C ARDE7-- ABERRATIONS AND APODISATION
C
C

INITEGER IWK(2000)pu AlvIA2qN1 ,N2pN3, IJOBi
REAL RWK(2000)
REAL F(486,48) ,M(48,48) ,E(48) ,INT(4e,48)
COMPLEX A(256i256) ,CWK(2'56) PB(48p48) ,C(48)
COMPLEX D(48)

C
OPEN(UNIT=22,STATUS='NEW',FILE='FH.rIAiT')
OFEN(UNI12'3STATUS='NEW',FILE='MOi.DAT')
OFENCUNIT2='4,STATUS='NEW,FILE=INT.EAT')
OFEFN(UNI12"JSTATU=NE'FILE'B.'AT')

C READ' PARAMETER VALUES FROM MIC FILE
C

REAE(5v20)N
READ(5v40)Al0
REA1'(5p40)A21
READ(5p40)A22
READ (5 40) A31
REAL'(5r40) A32
RE At'(5,40) A42
FRE AL'(5,40) GG

R F Ar D S 4 0) P:El

2 0 FORMA T(14)
40 FORIIAT(FIO.4)

4 !FORMAT 13 ,3XP 13?3X F 10. 4,3X ,FF10. 4

42F0RIMgT(3?3XrI73XpFiO.4)
43F0FMAT(3(2-XP137)v5 ( 3X rF8 .4
44FORMAT(I3v3XiF10.6v3XpF10.4)
C

- N=NUME4ER OF SAMPLE POINTS IN ONE DIMENSION
C A20=45 deg ASTIGMATISM
c A21=FOCAL SHIFTVA
c A22=0 deg ASTIGMATISM
c: A31=X COMA

c A42-=SFHERICAL
* C GG=WIDTH OF GAUSSIAN

C BEE4OFF-AXIS DISTANCE OF ONE POINT
C FF=FOCAL LENGTH OF -ZKs 4
FPI=3.1415927
01.=3.*F'I/4.
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C
C CIRCULAR APERTURE WITH VARIAB4LE TRANSMITTANCE I
CANDi ABERRATIONS

DO 220 I=liN

r C CALCULATE CONTRIB'UTIONS OF THIRD ORDER
C AB4ERRAT IONS
C USING ZERNIKE MONOMIAL REPRESENTATION

ARG'2O1=A2'0*2- . *X*Y

AR622=A-2* (Y*Y-X*X)
ARG31=A,31* (-2 * *X+3.**X*Y*Y+3.**X**3) /3.
ARG32-=A32-* (-2-. *Y+3 .*Y**3+3 .*X*X*Y )/3.
ARG42- =A42-* (1 *-6.**Y*Y-6.*X** 6*Y**4)
AERG42=ARG42A+A42 * (12 * *X*X*Y*Y+6.**X**4)
ARc42AR042/6.
ARGI=((ARG20.+ARG21+ARG22?'+ARG31+AFRO32+ARG4'2)*2.*FI

ARG2=2 P PI * BBB * Y/F F/ 6 3298
C CALCULATE CONTRIB4UTIONS OF VARIOUS APoEiISERS
C GAUSSIAN AFODISER
C TT=EXFP(-GG*RAD*RAE'/17.0/17.0)

-' C SUPERGALJSSIAN AFOE'ISER
F=.

:2 U=EXF'(-(GG*RA*RAr'/17./17. )**F)
I F R r'. L T.16-. 5)GO TO 6 0 -

!F(FRM [.GT.17.c5)GO TO 100

GO0 TO 120
80 A(IvJ)=CMF'LX(SC*TT*COS(ARG1)*',*CS(ARG-)SCT*SIN(ARGI)I

120 CONTINUE
200 CONTINUE
-220 CONT7NUE

110 230 I=1,4B
11O 2 25 J=1 F48

1 ? J) =CABS;. 1 yJ))

CWF. 1 TE (24 r 42' 1 ,J M (T p,j)

22CONTrINULE

c:
C FE F%&O0 KM FAST FOURIER TRANSFORM USING IMSL
C

1%~*~~.-:*~ -- :, 9
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PROGRAM EDGE
C

C THIS PROGRAM CALCULATES THE INTENSITY IN THE
C COHERENT IMAGE OF AN EDGE THROUGH AN
C ABERRATED AND APODISED SYSTEM

ITGER iK(506)IN(O5E2O

COMLEXG(2048),F(4096)
OPEN(UNITu22,DEVICE-'DSK',ACCESS-'SEQOUT',

t FILE-'PH.DAT')
OPEN(UNIT-23,DEVICE'DSK',ACCESSw'SEQOUTL,
F FILE -'4 OD. DA T'
OPEN(UNIT-24,DEVICE-'DSK',ACCESS-'SEQOUTI',

IFILE-'E.DAT')
OPEN(UNIT-25,DEVICE-'DSK',ACCE3S-'SEQOUTL,

1 FILE-'BB. DAT')

C READ PARAMETER VALUES FROM MIC FILE
C

READ(5 ,20)N
READ(5 , 4r)A2C

READ(5 ,W4 A2
R EA D(5 , 4C )A22
R EA D(5 ,4 C )A 3
R EA D(5 , 4 C )A 32
R EA D5 ,4C )A 42
R EA D(5 ,4 C G G

2 C FORMAT(14)
tC F ?AT (F 1C .4

41 FORMAT ( +. 4, 3X, C. 4)
42 ?OR4Am(r3,3', I3.3X,F,'.C.4)
43 FORMAT(3(2X13).5(3x,F8.4))

45 FORY.A-(2Xv?lC*.6,3X,F C. 6)
46 FORMAT (14, 3X, FVO.4, 3X, F C. 4)

SNIUMBE? 3F M : L 0 ?~N: N &NE M:ENS oN
C A21C45 deg A3773MA-LS

C A 22 -C deg AS:: .A::~
C A 3 -X COMA

C GG*'dIDTH OF GAUSSIAN
PI03. 14 5 92 7 1.
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C
C INPUT FUNCTION -AN EDGE
C

DO 6C Iw ,'#C24

6C. CONTINUE
DO 70 ImsO25,2048

70 CONTINUE
C
C PERFORM FIRST FOURIER TRANSFORM
C

CALL FFTCC(G,N, IdK,VWK)
DO 9C I-$,2C48

C iRITE(L3,46)I ,G(I )
9c CONT'INUE
C
C MOVE ZE, O SPATIAL FREQ TO CENTER OF APERTURE
C

C(255)-a ( 2a)
DO I-CC Iw*,$27

ScC CONTINUE
DO 1 C I- ,2C48

*C WRITE(22,46)I,G(I)
C CONT INUE

c
C -D AP RTURE 4ITH VARIABLE TRAN MITTANCZE AN-

DO 2'C~ Iw,255

AR-.22-A22*,Yv*v
AiR-G3x2A324(-2.*'f'3.*Y*'3j/3.
ARG42-A42*( .- 6.*Y*Y6.*Y*4 )/6.
ARGI.(ARG2$.ARG224ARG324ARG42)*2.*?I

3 A 3S: A : APO0DIE
A-EX?(- (GG*Y*Y)

F(I")-CMPLX(AC,C.) )A*SNAR )* :
22C >K::UE

DO 23C 1-$,4096
C 'dRITE(24,46)I ,F(I )
23C CONTINUE
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C
C PERFORM SECOND FAST FOURIER TRANSFORM

N *4 C96 1
CALL FFTCC CF.M,IiKVK)
.D0 24C Iu),4096

C WRITE(25,46)I,F(I)
240 CONTINUE
C
C CALCULATE INTENSITY : USED TO NORMALIZE

C DO 244 I02COC,2$5C

X .(I -205C )*). 85/96

244 CONTINUE

-%C GEOMETRIC EDCE
C

DO 26C I-20OC2C50
ECI )-o.

260 CONTINUE
DO 27C I02C5$,2'5C LV

27C CONTINUE
DO 280 1-2COC,2$5C
X s (r-2CSO )*'p. 85/96.

28C C)%?NNUE
JL~3 JN:7-2 2'

CzCS--(JNI:*723)
I I's -(UNI T-24)

C LOSE (NNIT-25)

END
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PROGRAM SLIT
C
C
C THIS PROGRAM CALCULATES THE INTENSITY IN THE
C COHERENT IMAGE OF A SLIT THROUGH AN ABERHATED
C AND APODISED SYSTEM
C

* C
INTEGER IiKC25000)
REAL VK(25000).H4096),INT(2C48),E(700).X(5CC)

REAL V(700)
COMPLEX G(2048),F(4C96)
O PEN (UN IT*22 ,DE VIC Ew DSK',*ACCESS- SEQOUTm'
F FILE-'PH.-DATI
OPEN(UNIT-23, DEVICE- DSK,ACCESS- 'SEQ0UT,
F FILE -'.4OD. DA T'
OPEN(UNITu24,DEVICEw'DSIC',ACCESS'SEQ3UT',-

eFILE-*B.DAT')
OPEN(UNIT-25,DEVICE-'DSK*,ACCESSu'$Er'OU7',

C
C READ PARAMETER VALUES FROM MIC FILE

C READ(5 ,20)N

R EA D( 5 , 40 )A 2 C
READ(5 ,4C )A21
READ(5 ,4C)A22
R EAD(5 4 4C )A 3
R EA D(5 4C )A3 2
R E A D5 4 C)A 42
R EA fl(5 .4C )G~

2c FORMAT (14)
4 C ?ORIAT (F C.4)

Al FCRMAT(F C.4,3X.YIC.4)
42 F 1 RXA 7 ~3 X ,LxC
43 FORMAT(3(2X, 13) ,5(3XF5.4))
44 FORMAT(I5,3X.Pi-C.4)

F-101AT 2 X, F 160. 6 F1
46 FORMAT(14,3X,?1 C.4, 3X, ?1.4,3X,Fi.C^.4)
C

N N UMBER OF SAP.? ?CiN'3 N ON E :MSNS::N
C A2C-45 deg ASTIGMA?75M

C A2$lOCAL SHIFT

C A31X COMA
C A32wY CO0M4A
C A4 2 0SPH ER ICA L

'3m:DT 0F I A US3:-.kN
PI-3. $4 l592 7
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C 4

CINPUT FUNCTION -A SLIT

DO 6C Iw*,2CC

G (I )- CMPLX( s. ,C.)
60 CONTINUE

DO 70 Iw2O1..2C48
G (I)- C MLX (0. ,C.)

7C CONTINUE
C
C PERFORM FIRST FOURIER TRANSFORM
C

CALL FFTCC(G ,N, IiX, WK)
DO 90 lw ,2C48
H (I )(CA BS(G (1 )) 2.

C 'dR IT E(2 3.4 61 ,H(I)
9C CONTINUE
C GO TO- 231.

C

DO $00 I*1.,$27
G (s 27 4 )-G (I)
GG o( 92$*I )

$.cc CONTINUEy
DO $$C: li.,2048

C dR I T E( 22, 46 )I , G(I
I VC CONTINUE

C
c1 -: APE?TURE d ITAH VAR!A BLE TRANSMI1T4TANCE AND

C ABERRAT:ONS

DO 2CC ait.2S5

A . I 28Z 27

ARG32oA32(-. 3Y3)3
ARG42-A42*().-6.9Y'v.6.Y*4 )/6.

~lAR2*, R 422 :G2-A,42)*.*0

GA'JSSIAN A?OD~ISER

F )MP~~~SAG F ,A3 ;AG 'A*( ) ri.
D^ 22C I*256,2^48

22r . 1iNC
DO 23C 1-$,2r,45

C 4B~ITE(24,46)I,F(I)
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*c
y. %

CC PERFORN SECOND FAST FOURIER TRANSFOR.N '

N-4096

231 CALL FFTCC (F,N,I'K,WK)
DO 24C I-,4096
M(I )-((CABS(F(I))/$'E3)**2. )/4.0933

C VRITE(25,46)I,H(I)
240 CONTINUE
c
C CALCULATE INTENSITY : USED TO NORMALIZE
C

DO 244 I-$,12, C
H(I.499)-(CABS(F(I))/ E.3)**2. )/4. 192C

244 CONTINUE
DO 246 1-I,499H (I) ( (CABS(F(3597. I) )/i-E.})**2. )/4. +92C ''-

246 CONTINUE
DO 248 I-,,6Q2
v ( I)" (I -3Ci,)*P I /i, 6.

W RITE(24,4 1)V (I).H(I )
248 CONTINUE

C GO TO 333
C
C GEOMETRIC SLIT
C

DO 26C I-,607
E(I)-O.

260 CONTINUE
DO 27C I-97,5 $ECI )' . '

270 CONTINUE
DO 28C Iu-,6C2

C WRITE(22,41)V([) ,E(l
23C CONTINUE
333 CLOSE(UNIT-22)

'L3SE(UN T-23
CLOSEU I AT-24"

CLOSE(UNIT-25)
*1CC STOP -

END

**,.:.:.*-:
_____ ____ -- . .. S. ~ ~ .~..*... .:
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APPENDIX 2 THE FABRICATION OF GAUSSIAN AMPLITUDE APODISERS

The Gaussian apodisers used in this experiment were produced using a

photographic method perfected by Weller 79. The method was originated in 1964. by P.

Jacquinot and B. Roizen-Dossier27 and refined by Hee 80 (1974). KayS' (1976), and Kris182

(1978). The essence of the method was the imaging of a rotating mask onto a

photographic plate. The mask is mostly black with a generally wedge-shaped region in

white (see Fig. A2. 1). The tip of the wedge was at the center of rotation and the angular

extent of the wedge, e, varied with radial distance. r, from the center. Thus the exposure

of the photographic plate varied radially. If the shape of the wedge was chosen

appropriately the exposure would be Gaussian. By working in the linear region of the

film, the developed plate had an amplitude Gaussian transmittance.

While this method proved satisfatory, it should be noted that other methods of

achieving a Gaussian apodiser are possible. A method suggested by G.M. Morris8 3

involves illuminating a film plate with a laser beam directly If the laser is operating in

!1e 'owest order transverse mode, the illumination would have had a Gaussian profi!e

Another method ises a digital film plotter such as the Photowrite P-1500 by Optronics

'rle'national. Inc. T$is device can focus a !Ight-emitting diode light source onto a 12.5

micron diameter spot on unexposed film 7he light can be modulated (256 energy levels)

3nd ',ie spot .roveo 'o any iocation on *3 'O- nch bv 1O-,nch area. 3v Drooerlv ailorina

the write instructions to this device, almost any desired transmittance, including a -

Gaussian, can be achieved.

178:.'N
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The Procedure for Making the Gaussian Filter

* The objective was to make a transmitting filter which had an amplitude

transmittance of the form [

:a (A2. I
T r=

where r was the radial distance, a is a constant which controls the width of the Gaussian,

and the subscript A refers to the amplitude transmittance of the filter. In miaking the

mask, a was chosen so that TA(r) =0.05, where r =1.0 inch. When a was evaluated and

substituted into (A2. 1) the result was

T (r)=)e

The intensity transmittance of the filter was

r 2
-~ (A2. 3)

T,(r)=T (r)T (r). ,1

where the subscriot I refers to the intensity transmittance of tne filter

in the linear region of the fiim, tne :ntensity :ransmitance will De propor-ionai to

the exposure. Thus the opening angle e which controls the exposure of the film varied as

Nnere B was chosen such that 801) rVn2. Choosing *his value of 9 insured that the mask

variation occurs'only in the first quadrant. The other ciuadrants of the mask were

entirely black. Upon evaluating B, (A2.4) yielded
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452

(A2.S)

r1. 58 r-e .

Using the Euler relationships

z= sin 0 and y-rcos 0 (A2.6)

the x-y coordinates of the outline of the mask were determined.

The mask profile was calculated on a DECI0 computer and plotted on a Tektronix

4662 plotter. The profile was then transferred to a diffusely reflecting white paper;

standard computer paper worked well. The mask shape in the first quadrarrt was cut

carefully with a razor blade and mounted with paper cement to a very black piece of

paper. The resultant mask is shown in Fig. A2.1

The mask was then centered on a turntable which had been centered underneath

a camera. The setup as well as the exposure and development times are the same as

those used by Weller 7S. The process which initially appeared straightforward was. in

fact, time-consuming and produced results which were quite variable. Nevertheless,

several satisfactory filters were produced

Two filters (Nos. 6 and 52) were characterizec oy measuring the ciffraction pat:ern

produced by them The optical configuration is shown in Fig. 5.1 Initially the apodiser

Nas not in the opt!cal system. The lens '.' Nas a :aegers #I 158 telescope doub:et ana

!ens L2 was a Jaegers #958. The iris haa an aoerture diameter of 0.4 inches for apodiser

# 52 and 0.525 inches for apodiser # 6. !n these cases, the system was essentailly "';"

unaberrated. The aberrations were measured with a ooint diffraction interferomete, as

explained in Chaoter Sand found to be on the order of 0 1 waves for third order

astigmatism. coma, and spherical, and much less for the higher order aberrations

4.
." .
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The results when these filters were used in the system are displayed in Figs. A2.2 and

A2.3 for filters #6 and #52, respectively. in each figure the photographs are of the !

impulse response of the system both unapodised(on the left) and apodised(on the right).

in each case the ringing nature n "ke unapodised impulse response was suppressed by

the use of the apodiser. In th- ,r half of each figure, theoretical and experimental

data are displayed. The solid lines are the predicted values of a central slice of the

irradiance impulse response with the measured aberrations. The experimental data are

shown as dashed curves on these same plots. The experimental data are from the I-SCAN

device which was centered on the impulse response The apodised impulse response was

measured in two orthogonal directions.

The agreement between theory and experiment is within 1% for these data. This

agreement indicates that the filters are indeed Gaussian in transmittance and are

effective in removing the ringing structure from the irradiance impulse response in the

presence of a small amount of aberration.

.3-.
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A2.1,A 7 he mask ujsed to make trie Gaussian filters. used in this e~xperiment.
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Fiq.A2.2 The characterization of filter *6. The photographs are of the
inapocsed(upper ertj ana apowised mouise respcnses of :he tent ;ystem.
Below each photograph are plots of the corresponding theoretical(solid
curve) and experimental plots of irradliance along a line through the center of
the imoulse responses, Experimental data are from two orthogonal slices.
The ordinate of eacm piot s5 in terms 0f :the oganthnm of relative irradianc! (1)

and the abscissa is in terms of the normalized distance u.
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APPEN DIX 3 DATA COLLECTION SYSTEMr

-p The data collection system consisted of three main units, as shown in Fig. A3.1. .

The first unit was the [-SCAN card which contained a 256-element linear CCD array and

some supporting electronics. The se- the data acquisition unit which converted F

the analog output from the I-SCAN into an 8bit digital format and stored it in temporary

memory. The last unit was the microcomputer, which controlled the data collection

process and transfered the data from the temporary location to an internal floppy disk I

The microcomputer performed some simple preprocessing on the collected data as well

and transferred of the data to a large mainframe computer for a more detailed analysis.

syte Acuitect:: cmpte

Array

Fig. A3 I Block diagram of the data collection system

The I-SCAN consisted of a Fairchild CCD1 11 256-element line scan sensor mounted

V on a orinted crcuit card *.hat contained all *he necessary CCD1 11 ocerating electronics.

The data were available on one of the output pins of the card edge connector in the form

Kof a 0.5-2.i1 MHz anaiog kViceol dat3 Wtearn Also .3vaiaoie was a comcenlsaton fCOMP)

* sigral which was identical to the video signal except for the lack of input 00ticai

nformtion he other Iwo signals used were a 0.5-2.0 MHz cdock, (MC,'2) and an

- roosuri- syvnc ES). These -our signais as veIl is z-ower and grouna .vere conne-c-ed .o

the data acquisition unit.A
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The purpose of the data acquisition unit was to condition the video signal, convert

it to 8-bit digital words and to temporarily store it in a memory chip. The temporary .

storage was necessary because the data flowed from the I-SCAN at a rate which was '.

much faster than the ,- uter could handle. Additionally, this card contained ,L4

several logical circuits to ;;n.oi these processes.

The schematic for the data acquisition unit is shown in Fig. A3 2. The

interconnections to the I-SCAN card are shown in the upper left-hand corner. Below that

the power supply for both the I-SCAN and the data acquisition card is shown. The power

supply was physically located within the data acquisition unit.

The video and compensation signals were connected through 47 ohm resistors R5

and R4 to pins 6 and 5, respectively, of the Analog Devices ADLH0O32CG operational ,'.-

amplifier. With these connections the operational amplifier acted as a differential

amplifier. Feedback resistors R3, R6, and R7 controlled the gain of the op amp. The gain

was set to provide a 0.0 to -5.0 volt signal on the input (pin 19) of the Analog Devices

MAH-080 1-1 analog-to-digital (AID) converter.

The AID converter, when triggered by the encode command pulse, (inout on pin

3), converted the analog signal into an eight-bit digital word. When the data "eady

signal (pin I of the AID) went low a valid data word existed on the outout oins 5 "hraun-

8 and 11 through 14

A two-staae ouise shaoina z-:rc-wt (U2A ind 1"2) ,eneratea the encode commanc

pulse in response to the applied MC'2 signal The MC/2 signal was at the same data rate

as 'he video The first stage, U2A. created a iong puise which was adjustaoie in !engtn ,

"nrougn resistor 31 The second state. 29, generated the encooe command Ouise -vricr,

was approximately 100 nsec long. The encode command occurred in time just after the

-I

:77 "
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start of the data pulse on pin 19 of the AID converter. Resistor R1 of the first stage was

used to insure this coincidence.
through the bus transciever U7(74LS245). This chip allowed the data to be transferred to

The digital data generated by the A/D converter was connected to the data bus

-. the memory chip Ul1(TCSS17APR) when the read enable signal (from the

microcomputer) was low. However, when data was being transferred from the memory

chip to the microcomputer, the read enable line was brought high, isolating the A/D

converter from the data bus.

The memory chip required several time-coincident signals to function properly in

its read and write modes. During the write mode, data from the A/D converter was

stored into the chip. When valid data were on the data bus, the readwrite signal (R/W)

on pin 21 was held low for approximately 500 nsec. This negative pulse was generated by

U6A in response to the data-ready signal.

The particular address within the memory chip where each data word was stored
--. 4

was controlled by the address counters U8, U9, and U 10. These binary counters (93L16)

sequent~ally counted from binary zero to binary 2048 in response to the data-ready

transitions. The first address kzero, was set oy th,e master reset (MR) signal rom the

microcomputer before data acquisition starteo Then, after each memory write

ooeration, a puise from U68 steppeo *he meory countes :o the next aocress U63 was

*rggered bv *he data-ready transition

The MR signal not only reset the memory address counters to zero, but it also reset

the three-inout logicai switch U4 When U4 was reset the outOut on pin 10 was neld 7ow

This pin was connected to one of the inputs of the AND gate U3A; thus when it was low
0 4

the encode command pulse could not reach the A/D converter and data were not

converted.

.9 1

.4

%; .0-2 .
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The data collection process was initiated by a MR followed by a carriage return

(CR) signal from the microcomputer. The latter signal set U4 so that the next exposure

sync (ES) signal from the I-SCAN brought the output (pin 10) of U4 high. These ES pulses

occurred in time just before a serial stream of analog data. The ES pulses were about 1

msec apart and the data stream was about 500 nsec long (for an 0.5 MHz data rate).

The data collection process up to this point can be summarized in the following

series of steps.

1. A MR from the microcomputer reset the three-input switch U4 and zeroed the

memory address counter.

2. A CR set U4.

3. The next ES forced pin 10 of U4 high, allowing the encode commands to pass

through the AND gate U3A.

4. Each encode command initiated an A/D conversion which was stored in the

memory chip.

5. The data-ready transition generated two pulses The first signalled the memory

chip to store trie data currently on he data bus. After the cata word was stored.

the second oulse incremented the -iemory adcress for the next data word

There were 256 (28) aerector etemets on the CCDII line scan cetector This

constituted one frame of data. When the last address of a frame was reached the

memory address counters generatea a terminal count (TC) signai vhich was usec to

terminate the data collection process for that frame The memory chip could hold eight

frames so the process was repeated seven times. The TC acted as a memory reset for U4 -"-

but did not reset the memory address counters Instead, a software clock signal from the

microcomputer incremented the address counters by one address. Then a CR initiated -

? i *..-v.. .- - ~. .- ~ : .. ... ... 2~ -:..- .. . -. * - -. ,..- ..--.
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another frame of data. The microcomputer monitored the TC signal and after the eighth "

one was sensed, the data collection process was terminated.

Next, the data were transferred to the microcomputer. The first signal in this

process was a MR which set the memory address to binary zero. Next, read enable was

brought high isolating the A/D converter and forcing the memory chip, through the

signal on pin 20, into the data-read mode. At this time, the contents of the first memory

location were on the data bus. When the microcomputer had stored that data, it issued a

software clock pulse. This pulse incremented the memory address thus placing the next

word of data on the data'bus. This process continued until all 2048 memory locations

were read and stored in the microcomputer.

The microcomputer was a Healthkit H89 with 64K (8-bit) internai memory and two

100K single-density, single-sided disk drives. Once all eight frames of data were within

the microcomputer, a software program on the microcomputer performed some simple

preprocessing. First, the eight frames of data were averaged, on a pixel by pixel basis.

Then the data was displayed in a x-y graphic format on the microprocessor CRT screen.

Finally, the average frame was stored in a file on disk. Additional software allowed one

frame of data to be subtracted from another (SUB. DAT) and the data to be transferred to

a DEC10 comouter (via MODEM7) The data collection process was initiated bv entering

'DATA FiLEDAT' into the microprocessor The data was stored in the fiie named .
o-LE.A ~ ° e software Jsea :n this data acciisition Crocess was develooed bv Mr _ee

Butler-

: :~I: :
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